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PREFACE 


The advent of thyristors has revolutionized the art of electric power conversion and its con- 
trol. Many more semiconductor devices such as triacs, asymmetrical thyristors, gate-turn-off. 
thyristors, power MOSFET, insulated gate bipolar transistor and MOS-controlled thyristors are 
now available. The use of these semiconductor devices has pervaded the industrial applications 
relating to the field of Electrical, Electronics, Instrumentation and Control Engineering. In other 
words, power-electronic components find their use in low as well as high power applications. The 
purpose of this book is to provide a good understanding of the power-electronic components and 
the behaviour of power-electronic controllers by presenting systematically all important aspects 
of semiconductor devices and the common types of electric power controllers. The book begins 
with the study of salient features of power diodes, power transistors, MOS-controlled thyristor 
and other members of thyristor family. Then their applications in the different types of power 
converter configurations are presented in a lucid detail. This book is intended to serve as an 
introductory course to the undergraduate students of Electrical, Electronics, Instrumentation 
and control disciplines. It is presumed that the reader is familiar with the basics of elementary 
electronics and circuit theory. The material presented here can be covered in one semester with 
the omission of some topics. The instructor, after browsing through the book for some time, can 
plan the course contents and its sequence without loss of continuity. 


The book contains twelve chapters. Chapter 1 gives an overview of merits and demerits of 
power-electric controllers and briefly discusses the topics covered in this book. This chapter also 
touches upon the significance of power electronics. Chapter 2 describes the characteristics of 
power diodes, power transistors and MOS-controlled thyristor. In Chapter 3 are presented diode 
circuits and rectifiers, Chapter 4 explains the characteristics of thyristors in detail and of triacs, 
GTOs ete. in brief. Thyristor commutation techniques are given in Chapter 5. In Chapter 6, the 
principles of conversion from ac to de involving single-phase as well as three-phase converters 
are presented. Chapters 7 to 10 pertain to the treatment of de choppers, inverters, ac voltage 
controllers and cycloconverters respectively. While chapter 11 gives study of several applications 
of power electronics, Chapter 12 discusses electric drives. A large number of illustrative diagrams 
and a wide variety of worked examples add to the clarity of the subject matter. The material given 
in this book is class-room tested. In the appendix, large number of objective-type questions relat- 
ing to Chapter 2 to 10 are given. 

The material added in the present edition includes Chapter 11 and Chapter 12. Some topics 
have been re-written to make the presentation more lucid. Many more illustrative examples to 
reinforce the understanding of the subject matter are also included. It is hoped that the book in 
its present form will serve the purpose of students for the courses on Power Electronics of all 
Indian Universities. 

The author is grateful to all those students who interacted with the author, in the class-room 
or outside, during the teaching of this subject. This interaction has greatly influenced the author’s 
style of teaching and writing to a great extent and every effort has gone into making the subject 
matter presentation as easily comprehensible as possible. 


Finally, the author expresses his gratitude to his wife for her perennial encouragement, un- 
derstanding and patience during the preparation of this book. The author also places on record 
the assistance rendered by his two sons during the gruelling task of proof-reading. 


Suggestions leading to the improvement of the book will be gratefully acknowledged. 


Patiala Dr. PS. Bimbhra 
14th November, 1999 
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Introduction 


The object of this chapter is to discuss briefly the concept of power electronics, applications 
of power electronics and the types of power converters described in this book. 


1.1, CONCEPT OF POWER ELECTRONICS 

Power electronics belongs partly to power engineers and partly to electronics engineers 
[2]. Power engineering is mainly concerned with generation, transmission, distribution and 
utilization of electric energy at high efficiency. Electronics engineering, on the other hand, is 
guided by: distortionless production, transmission and reception of data and signals of very 
low power level of the order of a few watts, or milliwatts without much consideration to the 
efficiency. In addition, apparatus associated with power engineering is based mainly on 
electromagnetic principles whereas that in electronics engineering is based upon physical 
phenomena in vacuum, gases/vapours and semiconductors. 

Power electronics is a subject that concerns the application of electronic-principles into 
situations that are rated at power level rather than signal level. It may also be defined as a 
subject that deals with the apparatus and equipment working on the principle of electronics 
but rated at power level rather than signal level. For example, semiconductor power switches 
such as thyristors, GTOs etc. work on the principle of electronics (movement of holes and 
electrons), but have the name power attached to them only as a description of their power 
ratings. Similarly, diodes, mercury-arc rectifiers and thyratrons (gas-filled triode), high-power 
level devices, form a part of the subject power electronics ; because their working is based on 
the physical phenomena in gases and vapours, an electronic process. As the inclusion of all 
such power-rated electronic equipments would be a voluminous task, the present book is 
devoted to the study of semi-conductor-based power-electronic components and systems only. 
It should be understood that the techniques used in the design of high-efficiency and 
high-energy level power electronic circuits are quite different from those employed in the 
design of low-efficiency electronic circuits at signal levels. 


1.2. APPLICATIONS OF POWER ELECTRONICS 

The era of modern power electronics began with the invention of silicon- 
controlled-rectifier (SCR) by Bell Laboratories in 1956. Its protoytpe was introduced by GEC 
in 1957 and subsequently, GEC introduced SCR-based systems commercially in 1958. Since 
then, there have been emergence of many new power semiconductor devices. Power electronic 
systems today incorporate power semiconductor devices as well as microelectronic integrated 
circuits. 


2 Art. 1.3] Power Electronics 


The term, ‘converter system’, in general, is used to denote a static device that converts 
ac to de, de to ac, de to de or ac to ac. Conventional power controllers based on thyratrons, 
mercury-arc rectifiers, magnetic amplifiers, rheostatic controllers etc. have been replaced by 
power electronic controllers using semiconductor devices in almost all applications. The 
development of new power-semiconductor devices, new circuit topologies with their improved 
performance and their fall in prices have opened up wide field for the new applications of 
power electronic converters. A judicious use of power-semiconductor devices in conjunction 
with microprocessors or microcomputers has further enhanced the control strategies and 
synthesizing capabilities of the power electronic converters. It is said that power 
semiconductor devices can be regarded as the muscle and the microelectronics as the 
intelligent brain in the modern power electronic systems. 


Table 1.1 lists various applications of power electronics. This list is however not 
exhaustive. No boundaries can be earmarked for the applications of power electronics, 
especially with the present trend of integrated design of power-semiconductor devices, 
microprocessors and the controlled equipment. The power ratings of power-electronic systems 
range from a few watts in lamps to several hundred megawatts in HVDC transmission 
systems. It is believed that by the turn of the century, almost 80% of the electric power 
consumed in utility systems will pass through power-electronics and this figure will 
eventually reach 100% in the future. 

Table 1.1. Some Applications of Power Electronics 


1. Aerospace : 

Space shuttle power supplies, satellite power supplies, aircraft power systems. 
2, Commercial : 

Advertising, heating, airconditioning, central refrigeration, computer and office equipment, 
uninterruptible power supplies, elevators, light dimmers and flashers. 
3. Industrial : 

Arc and industrial furnaces, blowers and fans, pumps and compressors, industrial lasers, 
transformer-tap changers, rolling mills, textile mills, excavators, cement mills, welding. 
4, Residential : ‘ 


Airconditioning, cooking, lighting, space heating, refrigerators, electric-door openers, dryers, fans, 
personal computers, other entertainment equipment, vacuum cleaners, washing and sewing 
machines, light dimmers, food mixers, electric blankets, food-warmer trays. 


5. Telecommunication : 
Battery chargers, power supplies ( dc and UPS ). 
6. Transportation : _ 


Battery chargers, traction control of electric vehicles, electric locomotives, street cara, trolley buses, 
subways, automotive electronics. 


7. Utility systems : : 
High voltage dc transmission (HVDC), excitation systems, VAR compensation, static circuit 
breakers, fans and boiler-feed pumps, supplementary energy systems ( solar, wind ). 
1.8, ADVANTAGES AND DISADVANTAGES OF POWER-ELECTRONIC CONVERTERS 
The advantages. possessed by power-electronic systems are as under : 


(i) High efficiency due to low loss in power-semiconductor devices. 
(ii) High reliability of power-electronic converter systems. 
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(iit) Long life and less maintenance due to the absence of any moving parts. 
(iv) Fast dynamic response of the power-electronic systems as compared to 
electromechanical converter systems. 
(v) Small size and less weight result in less floor space and therefore lower installation 


cost. 
(vi) Mass production of power-semiconductor devices has resulted in lower cost of the 


converter equipment. 

Systems based on power electronics, however, suffer from the following disadvantages : 

(a) Power-electronic converter circuits have a tendency to generate harmonics in the 
supply system as well as in the load circuit. 

In the load circuit, the performance of the load is influenced, for example, a high harmonic 
content in the load circuit causes commutation problems in de machines, increased motor 
heating and more accoustical noise in both de and ac machines. So steps must be taken to 
filter these out from the output side of a converter. 

In the supply system, the harmonics distort the voltage waveform and seriously influence 
the performance of other equipment connected to the same supply line. In addition, the 
harmonics in the supply line can also cause interference with communication lines. It is, _ 
therefore, necessary to insert filters on the input side of a converter. 

(6) Ac to de and ac to ac converters operate at a low input power factor under certain 
operating conditions. In order to avoid a low pf, some special measures have to be adopted. 

(c) Power-electronic controllers have low overload capacity. These converters must, 
therefore, be rated for taking momentary overloads. As such, cost of power electronic 
controller may increase. 

(d) Regeneration of power is difficult in power electronic converter systems. 

The advantages possessed by power electronic converters far outweigh their 
disadvantages mentioned above. As a consequence, semiconductor-based converters are being 
extensively employed in systems where power flow is to be regulated. As already stated, 
conventional power controllers used in many installations have already been replaced by 
semiconductor-based power electronic controllers. 


1.4. POWER ELECTRONIC SYSTEMS 
The major components of a power electronic system are shown in the form of a block 
diagram in Fig. 1.1. Main power source may be an ac supply system or a de supply system. 
Source 


Control Digitat Power Electronic 
Unit Circuit Circuit 
Feedback Signal 


Fig. 1.1 Block diagram of a typical power electronic system. 


Main Power 


Command 
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The output from the power electronic circuit may be variable de, or ac voltage, or it may 
be a variable voltage and frequency. In general, the output of a power electronic convertor 
circuit depends upon the requirements of the load. For example, if the load is a de motor, the 
converter output must be adjustable direct voltage. In case the load is a 3-phase induction 
motor, the converter may have adjustable voltage and frequency at its output terminals. 

The feedback component in Fig. 1.1 measures a parameter of the load, say speed in case 
of a rotating machine, and compares it with the command. The difference of the two, through 
the digital circuit components, controls the instant of turn-on of semiconductor devices 
forming the solid-state power converter system. In this manner, behaviour of the load circuit 
can be controlled, as desired, over a wide range with the adjustment of the command. 


1.5. POWER SEMICONDUCTOR DEVICES : 

Silicon controlled rectifier (SCR) was introduced first in 1957. Since then, several other 
power semiconductor devices have been developed. All' these semiconductor devices are 
enumerated below along with their ratings. 

Power diodes are available up to 3000 V, 3500 A, 1 kHz. Thyristors have ratings up to 
6000 V, 3500 A, 1 kHz. SITHs (static induction thyristors) can operate up to 4000 V, 2200 A, 
20 kHz. GTOs (gate-turn off thyristors) have ratings of 4000 V, 3000 A, 10 kHz. MCTs (MOS 
controlled thyristors) can work up to 600 V, 60 A, 20 kHz. Triacs have power ratings of 1200 
V, 300 A, 400 Hz. 

BJTs are used up to power ratings of 1200 V, 400 A, 10 kHz. 

Power MOSFETs (metal oxide semiconductor field effect transistors) and SITs (static 
induction transistors) have relatively low range of 1000 V, 50 A and 1200 V, 300 A respectively. 
Both these devices can, however, operate satisfactorily up to a frequency range of 100 kHz. 

IGBTs (insulated gate bipolar transistors) are available up to 1200 V, 400 A and 20 kHz. 

Based on (i) turn-on and turn-off characteristics and (ii) gate signal requirements, the 
power semiconductor devices can be classified as under : 

{a) Diodes : These are uncontrolled rectifying devices. Their on and off states are 
controlled by power supply. 

(b) Thyristors : These have controlled turned-on by a gate signal. After thyristors are 
turned-on, they remain latched-in on-state due to internal regenerative action. 

(c) Controllable switches : These devices are turned-on and turned-off by the application 
of control signals. The devices which behave as controllable switches are BJT, MOSFET, GTO, 
SITH, IGBT, SIT and MCT. 

SCR, GTO, SITH and MCT require pulse-gate signal for turning them on ; once these 
devices are on, gate pulse is removed. But BJT, MOSFET, IGBT and SIT require continuous 
signal for keeping them in turn-on state. 

The devices which can withstand unipolar voltage are BUT, MOSFET, IGBT and MCT. 
Thyristors and GTOs are capable of supporting bipolar voltages. 

Triac and RCT (reverse conducting thyristor) possess bidirectional current capability 
whereas all other remaining devices ( diode, SCR, GTO, BJT, MOSFET, IGBT, SIT, SITH, 
MCT ) are unidirectional current devices. 

1.6. TYPES OF POWER ELECTRONIC CONVERTERS 


A power electronic system consists of one or more power electronic converters. A power 
electronic converter is made up of some power semiconductor devices controlled by integrated 
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circuits. The switching characteristics of power semiconductor devices permit a power 
electronic converter to shape the input power of one form to output power of some other form. 
Static power converters perform these functions of power conversion very efficiently. Broadly 
speaking, power electronic converters (or circuits) can be classified into six types as under: 


1. Diode Rectifiers : A diode rectifier circuit converts ac input voltage into a fixed de 
voltage. The input voltage may be single-phase or three phase. Diode rectifiers find wide use 
in electric traction, battery charging, electroplating, electrochemical processing, power 
supplies, welding and uninterruptible power supply (UPS) systems. 

2. Ac to de converters ( Phase-controlled rectifiers ) : These convert constant ac 
voltage to variable dc output voltage. These rectifiers use line voltage for their commutation, 
as such these are also called line-commutated or naturally-commutated ac to de converters. 
Phase-controlled converters may be fed from 1-phase or 3-phase source. These are used in de 
drives, metallurgical and chemical industries, excitation systems for synchronous machines 
etc. 

3. DC to de converters { DC Choppers ) : Adc chopper converts fixed de input voltage 
to a controllable de output voltage. The chopper circuits require forced, or load, commutation 
to turn-off the thyristors. For lower power circuits, thyristors are replaced by power 
transistors. Classification of chopper circuits is dependent upon the type of commutation and 
also on the direction of power flow. Choppers find wide applications in dc drives, subway cars, 
trolley trucks, battery-driven vehicles etc. 

4, DC to ac converters ( inverters ) : An inverter converts fixed de voltage to a variable 
ac voltage. The output may be a variable voltage and variable frequency. These converters 
use line, load or forced commutation for turning-off the thyristors. Inverters find wide use in 
induction-motor and synchronous-motor drives, induction heating, UPS, HVDC transmission 
etc. At present, conventional thyristors are also being replaced by GTOs in high-power 
applications and by power transistors in low-power applications. 

5. AC to ac converters : These convert fixed ac input voltage into variable ac output 
voltage. These are of two types as under : 

(a) AC voltage controllers (AC voltage regulators) : These converter circuits convert fixed 
ac voltage directly to a variable ac voltage at the same frequency. AC voltage controller employ 
two thyristors in antiparallel or a triac. Turn-off of both the devices is obtained by line 
commutation. Output voltage is controlled by varying the firing angle delay. AC voltage 
controllers are widely used for lighting control, speed control of fans, pumps ete. 


(6) Cycloconverters : These circuits convert input power at one frequency to output power 
at a different frequency through one-stage conversion. Line commutation is more common in 
these converters, though forced and load commutated cycloconverters are also employed. 
These are primarily used for slow-speed large ac drives like rotary kiln etc. 

6. Static switches : The power semiconductor devices can operate as static switches or 
contactors. Static switches possess many advantages over mechanical and electromechanical 
circuit breakers. Depending upon the input supply, the static switches are called ac static 
switches or de static switches. 


1.7. POWER ELECTRONIC MODULES 

A power electronic converter may require two, four or more semiconductor devices 
depending upon the circuit configuration. Power modules consisting of two, four or six devices 
are, at present, available. Thus, a power electronic converter can be assembled from power 
modules instead of from individual semiconductor devices. A powsr module has better 


6 (Art. 1.7] Power Electronics 


performance characteristics as compared to conventional devices so far as their switching 
characteristics, operating speed and losses are concerned. Gate drive circuits for individual 
devices or power modules are also commercially available. As a result of these developments, 
now intelligent modules have come in the market. : 

Iniellegent module, also called smart-power, is state-of-the-art power electronics and it 
consists of power module and a peripheral circuit. The peripheral circuit comprises of 
interfacing of power module with the input/output through proper isolation from low-voltage 
signal and from high-voltage power circuit, a drive circuit, protection and diagnostic circuitry 
against maloperation like excess current, over voltage etc, microcomputer control and 
controlled power supply. The user has merely to connect the existing supply and the load 
terminals to the smart-power. At present, intelligent modules are being used extensively in 
power electronics. It is reported that there are more than twenty manufacturers of intelligent 
modules. 

SUMMARY 

Power semiconductor devices form the heart of modern power electronics. A power 
electronics engineer must understand the device thoroughly for efficient, reliable and 
cost-effective design of power converters. For this purpose, chapter 2 is devoted to the study 
of power semiconductor diodes, transistors and MCT. Chapter 3 deals with diode circuits and 
rectifiers. In chapter 4, are discussed in detail the thyristor characteristics and its control 
strategies. Thyristor commutation techniques are described in chapter 5. Other power 
electronic converters meritioned in this chapter are described in detail in chapter 6 onwards. 


1.1 (a) What is power electronics ? Discuss briefly the concept of power electronics. 

(6) What is a converter ? Illustrate your answer with examples. 

(c) Enumerate at least ten applications of power electronics. 

(d) Give the advantages and disadvantages of power electronic converters. 

1.2 (a) Discuss the various types of power electronic converters. 

(b) Describe a power electronic system with its general block diagram. 

(c) Compare a diode with a thyristor. 

(d) Give the differences between a triac and a thyristor. 

1.3 (a) List the semiconductor devices which can withstand (i) unipolar voltages and (ii) bipolar 
voltages. 

(b) Give the differences between an ac voltage controller and a cycloconveter. 

(c) What are the differences in the gating requirements of thyristors and transistors ? 

(d) Give the differences between a triac and an IGBT. 

(e) What is power-electronic module ? Describe smart-power. 


Power Semiconductor 
Diodes and Transistors 


Power semiconductor diodes are similar to low-power p-n junction diodes, called signal 
diodes. Similarly, power transistors are identical with npn or pnp signal transistors. Asa 
matter of fact, power semi conductor devices are more romplex in structure and in operation 
than their low-power counterparts. This complexity arises because low-power devices must 
be modified in order to make them suitable for high-power applications, for example, power 
diodes are constructed with n” layer, called drift region, between p* layer (anode) and n* layer 
or substrate (cathode). This is done to support large blocking voltages. This n™ type layer is, 
however, not present in signal diodes. 

The voltage, current and power ratings of power diodes and transistors are much higher 
than the corresponding ratings for signal devices. In addition, power devices operate at lower 
switching speeds whereas signal diodes and transistors operate at higher switching speeds. 

Power semiconductor devices are used extensively in power-electronic circuits. Some 
applications of power diodes include their use as freewheeling diodes, for ac to de conversion, 
for recovery of trapped energy etc. Power transistors, used as a switching device in 
power-electronic circuits, must operate in the saturation region in order that their on-state 
voltage drop is low. Their applications as switching elements include de choppers and 
inverters. . 

The object of this chapter is to describe power diodes, power transistors and 
MOS-controlled thyristor (MCT). A thyristor is more important component of power 
semiconductor devices, it is, therefore, discussed in detail in Chapter 4. 


‘2.1, CHARACTERISTICS OF POWER DIODES 


Power diode is a two-layer, two-terminal, p-n semiconductor device. It has one pn-junction 
formed by alloying, diffusing or epitaxial growth. The two terminals of diode are called anode 
and cathode, Fig. 2.1 (a). Two important characteristics of power diodes are now described. 


2.1.1. Diode V-I Characteristics 

When anode is positive with respect to cathode, diode is said to be forward biased. With 
increase of the source voltage V, from zero value, initially diode current is zero. From 
V, = 0 to cut-in voltage, the forward-diode current is very small. Cut-in voltage is also known 
as threshold voltage or turn-on voltage. Beyond cut-in voltage, the diode current rises rapidly 
and the diode is said to conduct. For silicon diode, the cut-in voltage is around 0.7 V. When 
diode conducts, there is a forward voltage drop of the order of 0.8 to 1 V. 
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When cathode is positive with respect to anode, the diode is said to be reverse biased. In 
the reverse biased condition of the diode, a small reverse current, called leakage current, of 
the order of microamperes or milliamperes (for large diodes) flows. The leakage current 
increases slowly with the reverse voltage until breakdown or avalanche voltage is reached. 
At this breakdown voltage, diode is turned on in the reversed direction. If current in the 
reversed direction is not limited by a series resistance, the current will become quite high to 
destroy the diode. The reverse avalanche breakdown of a diode is avoided by operating the 
diode below specified peak repetitive reverse voltage Vpry. Fig. 2.1 (c) illustrates diode 
characteristics where Vapy and cut-in voltage are shown. 


Forward 
+ voltage drop. 
Reverse 
leakage 
NOOR: ar Anode Cathode an) Forward 
Ve Ch. 
ib Vs 
i 
Cut in 
Reverse voltage =0.7V 
Vs Vg breakdown 
(a) {b) (c) 


Fig. 2.1. (a) p-n junction (6) diode symbol (c) V-I characteristics of diode. 
Diode manufacturers also indicate the value of peak inverse voltage (PIV) of a diode. This 


is the largest reverse voltage to which a diode may be subjected during its working. PIV is 
the same as Very. 

The power diodes are now available with forward current ratings of 1 A to several 
thousand amperes and with reverse voltage ratings of 50 V to 3000 V or more. 

2.1.2. Diode Reverse Recovery Characteristics 

After the forward diode current decays to zero, the diode continues to conduct in the 
reverse direction because of the presence of stored charges in the two layers. The reverse 
current flows for a time called reverse recovery time t,,, The diode regains its blocking 
capability until reverse recovery current decays to zero. The reverse recovery time t,, is defined 


as the time between the instant forward diode current becomes zero and the instant reverse 
recovery current decays to 25% of its reverse peak value J, eu 88 shown in Fig. 2.2 (a). 


The reverse recovery time is composed of two segments of time ft, and #,, i.e., t,,=t, + ty. 
Time t, is the time between zero crossing of forward current and peak reverse current J, RM. 
During the time ¢,, charge stored in depletion region is removed. Time t, is measured from 
the instant of Ipy to the instant where 0.25 Try is reached, Fig. 2.2 (a). During t,, charge 
from the two semiconductor layers is removed. The shaded area in Fig. 2.2 (a) represents the 
stored charge, or reverse recovery charge, Qr which must be removed during the reverse 
recovery time t,,, The ratio t,/t, is called the softness factor or S-factor. This factor is a measure 
of the voltage transients that occur during the time diode recovers. Its usual value is unity 
and this indicates low oscillatory reverse recovery process. In case S-factor is small, diode 
has large oscillatory over voltages. A diode with S-factor equal to one is called soft-recovery 
diode and a diode with S-factor less than one is called snappy-recovery diode or fast-recovery 


Power Semiconductor Diodes and Transistors (Art. 2.1] 9 


diode. In Fig. 2.2 (6) is shown the 
waveform of forward-voltage drop 
vp across the diode. The product of 
v,and i, gives the power loss in a 
diode. Its variation is shown in Fig. 
2.2 (c), The average value of uri, 
gives the total power loss in a diode. 
Fig. 2.2 (c) reveals that major power (b) 
loss in a diode occurs during the 
period ¢,. 

It is noticed from Fig. 2.2 (a) that 
peak inverse current Ipy can be (ce) 
expressed as 


(a) 


Tau =t, (21) 


di Fig. 2.2. Reverse recovery characteristics 
where — is the rate of change of (a) variation of forward current ir 


dt 
reverse current. The reverse 
recovery characteristics of Fig. 2.2 (a) can be taken to be triangular. Under this assumption, 


storage charge Qp, from Fig. 2.2 (a), is given by 


(6) forward voltage drop uy and (c) power loss in a diode. 


1 
Qr= 5 Fam tre 
2 
és ia (2.2) 
rr 
If t,, = tq, then from. Eq. (2.1), 
Iny=t,, (2.3) 
From Eqs. (2.2) and (2.3), we get 
tdi 2 Ge 
we dt “t, 
1/2 
ela (2.4) 
or =| Gi7dty ; (2. 
From Eq. (2.1), with f, = ¢,,, we get 
172 
tenn She] See at 
RR™ "rr dt | (di/dt) dt 
ait? 
-[2a(2] as) 
It is seen from Eqs. (2.4) and (2.5) that reverse recovery time and peak inverse current 
are dependent on storage charge and rate of change of current a The storage charge depends 


upon the forward diode current Jp This shows that reverse recovery time and peak inverse 
current depend on forward field current. 
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A power-electronics engineer must know peak reverse current Tpy, stored charge Qp, 
S-factor, PIV etc in order to be able to design the circuitry employing power diodes. These 
parameters are usually specified in the catalogue supplied by the diode manufacturers. 


2.2. TYPES OF POWER DIODES 
Diodes are classified according to their reverse recovery characteristics. The three types _ 
of power diodes are as under : 


(<) General purpose diodes 
(ii) Fast recovery diodes 
(iti) Schottky diodes. 
These are now described briefly. 


2.2.1, General-purpose Diodes 

These diodes have relatively high reverse recovery time, of the order of about 25 us. Their 
current ratings vary from 1 A to several thousand amperes and the range of voltage rating 
is from 50 V to about 5 kV. Applications of power diodes of this type include battery charging, 
electric traction, electroplating, welding and uninterruptible power supplies (UPS). 

2.2.2. Fast-recovery Diodes 

The diodes with low reverse recovery time, of about 54s or Jess, are classified as 
fast-recovery diodes. These are used in choppers, commutation circuits, switched mode power 
supplies, induction heating etc. Their current ratings vary from about 1 A to several thousand 
amperes and voltage ratings from 50 V to about 3 kV. 

For voltage ratings below about 400 V, the epitaxial process is used for diode fabrication. 
These diodes have fast recovery time, as low as 50 ns, 

For voltage ratings above 400 V, diffusion technique is used for the fabrication of diodes. 
In order to shorten the reverse-recovery time, platinum or gold doping is carried out, But this 
doping may increase the forward voltage drop in a diode. 

2.2.3. Schottky Diodes 

This class of diodes use metal-to-semiconductor junction for rectification purposes instead 
of pn-junction. Schottky diodes are characterised by very fast recovery time and low forward 
voltage drop. Rectified current flow is by majority carriers only and this avoids the turn-off 
delay accompanied with minority carrier recombination. Their reverse voltage ratings are 
limited to about 100 V and forward current ratings vary from 1 A to 300 A. Applications of 
Schottky diodes include high-frequency instrumentation and switching power supplies, 

The electrical and thermal characteristics of power diodes are similar to those of 
thyristors and these are described in Chapter 4, 


2.3. POWER TRANSISTORS 

Power diodes are uncontrolled devices. In other words, their turn-on and turn-off 
characteristics are not under control. Power transistors, however, possess controlled 
characteristics. These are turned on when a current signal is given to base, or control, 
terminal. The transistor remains in the on-state so jong as control signal is present. When 
this control signal is removed, a power transistor is turned off. 


Power transistors are of three types as under : 


@) Bipolar junction transistors (BJTs) 
(ii) Metal-oxide-semiconductor field-effect transistors (MOSFETs) 
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(iii) Insulated gate bipolar transistors (IGBTs) 
These three types are now described one after the other. 


2.3.1. Bipolar Junction Transistors 

A bipolar transistor is a three-layer, two junction npn or pnp semiconductor device. With 
one p-region sandwiched by two n-regions, Fig. 2.3 (a), npn transistor is obtained. With two 
p-regions sandwiching one n-region, Fig. 2.3 (8), pnp transistor is obtained. The term ‘bipolar 
' denotes that the current flow in the device is due to the movement of both holes and electrons. 
ABUT has three terminals named collector, emitter and base. An emitter is indicated by an 
arrowhead indicating the direction of emitter current. No arrow is associated with base or 


collector. 


Collector Cc Collector G 
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(a) (6) 


C 
Fig. 2.3. Bipolar junction transistors (a) npn type and (6) pnp type. 

2.3.1.1. Steady-state Characteristics. Out of the three possible circuit configurations 
for a transistor, common-emitter arrangement is more common in switching applications. So, 
henceforth, npn transistors will only be considered. 

Input characteristics. A graph between base current Ig and base-emitter voltage Var 
gives input characteristics. As the base-emitter junction of a transistor is like a diode, I, 
versus Vzz graph resembles a diode curve. When collector-emitter voltage Vcg. is more than 
Vor:, base current decreases as shown in Fig. 2.4 (6). 


Ig5>Ip4>----*Ia1 
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current 


{a) (b) (c) 
Fig. 2.4. (a) npn transistor circuit characteristics, (6) input characteristics and (c) output characteristics. 


12 [Art. 2.3] Power Electronics 


Output characteristics. A graph between collector current I, and collector-emitter 
voltage Vog gives output characteristics of a transistor. For zero base current, i.e. for I, = 0, 
as Voc, is increased, a small leakage (collector) current exists as shown in Fig. 2.4 (c). As the 
base current is increased from Ip = 0 to Ig, Igy etc, collector current also rises as shown in 
Fig. 2.4 (c). 

Fig. 2.5 (a) shows two of the output characteristic curves, 1 for J, = 0 and 2 for J, fp # 0. The 


initial part of curve 2 , characterised by low Vo, is called the saturation region. In this region, . 


the transistor acts like a switch. The falt part of curve 2, indicated by increasing Vo, and 
almost constant I, is the active region. In this region, transistor acts like an amplifier. Almost 
vertically rising curve is the breakdown region which must be avoided at all costs. 
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(a) (6) 
Fig. 2.5. (a) Output characteristics and load line for npn transistor and 
(6) electron flow in an npn transistor. 


For load resistor Ro, Fig. 2.4 (a), the collector current I, is given by 


Veo - Vor 
Io= ies = «(2.6) 
This is the equation of load line. It is shown as line AB in Fig. 2.5 (a), A load line is the 
locus of all possible operating points. Ideally, when transistor is on, Vog is zero and 
I¢=Voc/Re. This collector current is shown by point A on the vertical axis. When the 
transistor is off, or in the cut-off region, Voc appears across collector-emitter terminals and 
there is no collector current. This value is indicated by point B on the horizontal axis. For 
the resistive load, the line joining points A and B is the load line. . 
Relation between o and B. Most of the electrons, proportional to Zz given out by emitter, 
reach the collector as shown in Fig. 2.5 (6). In other words, collector current Jz though less 
than emitter current I; is almost equal to Jz A symbol o is used to indicate how close in 
value these two currents are. Here o, called forward current gain, is defined as 
Ig 
OTe 
As Ic < Ip, value of « varies from 0.95 to 0.99. 
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In a transistor, base current is effectively the input current and collector current is the 
output current. The ratio of collector (output) current I, to base (input) current Iz is known 


as the current gain B. 
To 
== (2.7) 
8 i 


As I, is much smaller, 8 is much more than unity ; its value varies from 50 to 300. In 
another system of analysis, called h parameters, hgg is used in place of B. 


Use of KCL in Fig. 2.4 (a) gives 
Ig=Iot+lz (2.8) 
Remember that emitter current is the largest of the three currents, collector current is 


calmost equal to, but less than, emitter current. Base current has the least value. Dividing 


both sides of Eq. (2.8) by Ic, we get 


Tz_, te 

To” Ic 

1 1 

a 1+ B 
= B=y-q oa (2.9) 
and a = + (2,10) 


Transistor Switch. Transistor operation as a switch means that transistor operates 
either in the saturation region or in the cut-off region and nowhere also on the load line. As 
an ideal switch, the transistor operates at point A in the saturated state as closed switch 
with Vog = 0 and at point B in the cut-off state as an open switch with I, = 0, Fig. 2.5 (a). In 
practice, the large base current will cause the transistor to work in the saturation region at 
point A’ with small saturation voltage Voxs. Here subscript S is used to denote saturated 
value. Voltage Vogs represents on-state voltage drop of the transistor which is of the order 
of about 1 V. When the control, or base, signal is reduced to zero, the transistor is turned off 
and its operation shifts to B’ in the cut-off region, Fig. 2.5 (a). A small leakage current Icgo 
flows in the collector circuit when the transistor is off. 


For Fig. 2.4 (a), KVL for the circuit consisting of Vp, Rg and emitter gives 
Va-Rglg -Vazr=0 


Vz - V; 
or Iz = 
Also, from Fig. 2.4 (@), Voc = Ver ticRe 
oF Vor = Vee ~1¢ Re = Veo - Bla Re 
R, 
= Voc - Va Vos) 22.11) 
B 


Also Vee = Vea + Vag 
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of Ves = Ver— Vee (2.12) 
If Voxs is the collector-emitter saturation voltage, then collector current Icg is given by 
Vee - V, 
les= oe CES w(2.13) 
c 
Tes 
and Tas= (2.14) 


where Ipg is the base current that produces saturation. 


If base current is less than Ipg the transistor operates in the active region, i.e . somewhere 
between the saturation and cut-off points. If base current is more than Ing, Vers is almost 
zero and collector current from Eq. (2.13) is given by I¢s = Vec/Re, This shows that collector 
current at saturation remains substantially constant even if base current is increased. 

With base current more than Igs, hard drive of transistor is obtained, With hard 
saturation, Vogs becomes low and on-state losses of transistor are reduced. Under hard-drive 
conditions, the ratio of Iz and Ipg is defined as the overdrive factor (ODF), 


ODF = —— +(2,15) 
The ratio of Ig to Ig is called forced current gain B, where 
vf 
B= - < natural current gain B or Ayz +e(2.16) 
B 


The total power loss in the two junctions of a transistor is 
Pr=Voerlg+Vogle «(2,17) 

Under saturated state, Vags is greater than Vogs and Eq. (2.12) shows that Veg is 
negative. It means both transistor junctions are forward biased under saturated condition. 

2.3.1.2. Transistor Switching Performance. A transistor cannot be turned on instant- 
ly because of the presence of internal capacitances. Fig. 2.6 (b) shows switching waveforms 
of an npn transistor with resistive load between collector and emitter Fig. 2.6 (a). When 
base-emitter voltage Vz is applied, the base current rises to Ig ; the collector current, 
however, remains zero or equal to collector-emitter leakage current Tego a8 shown. After some 
time delay ty, called delay time, the collector current begins to rise. This delay is due to the 
time required to charge base-emitter capacitance to Vggg = 0.7 V. After this delay ¢,, collector 
current rises to steady state value Icg in time t, which is known as rise time. This means 
that turn-on time for BUT is t,,=t,+t,. Rise time depends upon the input capacitances. 
.During rise time ¢,, collector-emitter voltage falls from Voc to Vogs. The transistor remains 
in the on and saturated state so long as forward base current is maintained, 

When the base-emitter voltage Vaz is removed at time t,, the collector current does not 
change for a time ¢,, called storage time. During t,, saturating charge is removed from the 
base. After ¢,, collector current begins to fall and at the same time, collector voltage starts 
building up. After times ¢, called fall time, Ip decreases to Iczo (almost zero) and 
collector-emitter voltage rises to Voc, Sum of storage time and fall time gives the transistor 
turn-off time, i.e. toy =t, +t, The various waveforms during transistor switching are shown 


ie 
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Fig. 2.6. (a) Transistor with resistive load and (6) switching waveforms for npn transistor. 
in Fig. 2.6 (6). In this figure, ¢, = conduction period, to = off period and T= 1/f is the periodic 
time. 

2.3.1.3. Safe Operating Area. The safe operating area (SOA or SOAR) of a power tran- 
sistor specifies the safe operating limits of collector current I¢ versus collector-emitter voltage 
Vos. For reliable operation of the transistor, the collector current and voltage must always 
lie within this area. Actually, two types of safe operating areas are specified by the manufac- 
turers, FBSOA and RBSOA. 

The forward-base safe operating area (FBSOA) pertains to the transistor operation when 
base-emitter junction is forward biased to turn-on the transistor. For a power transistor, Fig. 
2.7 shows typical FBSOA for its de as well as single-pulse operation. The scale for 
Ig and Vog are logarithmic. Boundary AB is the maximum limit for de and continuous current 
for Vox less than about 80 V. For Vc for more than 80 V, collector current has to be reduced 
to boundary BC so as to limit the junction temperature to safe values. For still higher Vcr, 
current should further be reduced so as to avoid secondary breakdown limit. Boundary CD 
defines this secondary breakdown limit. Boundary DE gives the maximum voltage capability 
for this particular transistor. 

For pulsed operation, power transistor can dissipate more peak power so long as average 
power loss is within safe limits of, ‘junction temperature. In Fig. 2.7 ; 5 ms, 500 ps ete. indicate 
pulse widths for which transistor is on. It ig seen that FBSOA increases as pulse-width is 
decreased. 

It should be noted that FBSOA curves, as given by the manufacturers, are for a case 
temperature of 25°C and for dc and single-pulse operation. In order to take into consideration 
the actual working temperature and repetitive nature of the pulses, these curves must be 
modified with the help of thermal impedance of the device. 
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Ty< 25°C 
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Vee (V) Vee (V) —» 
Fig. 2.7. Typical forward biased safe Fig. 2.8. Typical reverse-block safe operating 
operating area (FBSOA) for a power area (RBSOA) for a power transistor, 


transistor (logarithmic scale) 


During turn-off, a transistor is subjected to high current and high voltage with 
base-emitter junction reverse biased. Safe operating area for transistor during turn-off is 
specified as reverse blocking safe operating area (RBSOA). This RBSOA is a plot of collector 
current versus collector-emitter voltage as shown in Fig. 2.8. RBSOA specifies the limits of 
transistor operation at turn-off when the base current is zero or when the base-emitter 
junction is reverse biased (i.e. with base current negative). With increased reverse bias, area 
RBSOA decreases in size as shown in Fig. 2.8. . 


Example 2.1. For a power transistor, typical switching waveforms are shown in Fig. 2.6. 
The various parameters of the transistor circuit are as under : 


Veo = 220 V, Vogs =2 V, Ics = 80 A, t= 0.4 us, t= 1 ps, t, = 50 us, 
t,=3 us, t-=2 us, t, = 40 us, f= 5 kHz, Collector to emitter leakage current = 2 mA. 


Determine average power loss due to collector current during t,, and t,. Find also the peak 
instantaneous power loss due to collector current during turn-on time. 
Solution. During delay time, the time limits are Ost<t,. Fig. 2.6 (6) shows that in this 
time, ig (t) = Zoro and vg, (t) = Vee: 
-. Instantaneous power loss during delay time is 
Py (t) = ig Ugg = Ice Veo = 2 x 10°? x 220 = 0.44 W 
Average power loss during delay time with 0<i< tz is given by 


Ly‘. 
Pa= Bly ict) vee at 


1’ 
=a Toxo Voc dt =f - Tero Voc: ty 
=5x 10°x2x 1079 x 220 x 0.4x 10°°=0.88 mW 
where f= ? = frequency of transistor switching 


During rise time, Ostst,, 
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: I, 
igQ=—S-t 
rT 


Veo - Vers t 
t, 
“. Average power loss during rise time is 


and Ugg (t) = [Fee = 


2 3 
5x 10°60 <1 10 *| 250-2202 


Instantaneous power loss during rise time is 


= Voo- “iz Woc~ Vers wali) 
dP, (t) 


dt 
It is seen from Eq. (i) that 


= 0 gives time f,, at which instantaneous power loss during ¢, would be maximum. 


=—— Er SAUX TX 10 
'm= 3 iWoo— Vous] 2 [220x—2) ~ 05046 Hs 


Peak instantaneous power loss P,,, during rise time is obtained by substituting the value 
of t=t,, in Eq. (i). 
Poe Ios Veew:t, Tos Veo: t)* Wec- Vers] 
t, 2Wcc-Versl] tf 4 [Vec-Vorsl? 
__tes:Véc___ 80% 220? 
4(Vcc-Versl 4 [220-2] 
Total average power loss during turn-on 
P., =P, + P, = 0.00088 + 14.933 = 14.9339 W 
During conduction time, 0 <¢<z, 
ic (t) =Icg and Voz (t) = Vogs 
Instantaneous power loss during ¢, is 
P,, t)=ig Ucg=Ics: Vegs = 80 X 2= 160 W 


Average power loss during conduction period is 


=4440.4W 


1f*. 
P=), tg: Ugg dt= fog: Vers -t, 
=5 x 10° x 80x 2x 50x 107° = 40 W. 
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Example 2.2. Repeat Example 2.1 for obtaining average power loss during turn-off time 
and off-period, and also peak instantaneous power loss during fall time due to collector current. 


Sketch the instantaneous power loss for period T as a function of time. 
Solution. During storage time, 0 <t<t,, 
ig) =I gs and ugg (t) = Vers 
Instantaneous power loss during t¢, is 
P.@)=ic @ ueeg - 
= Ics: Vong = 80 x 2 = 160 W 
Average power loss during f, is 


1y‘ 
P= 3), Tes Voss dt=f Ton: Vous: t, 


=5x10°x 80x2x3x10°=2.4W 
Tes—Iceo 
ty 


During ty Iogo is negligibly small in comparison with Tes, 
E t 
ig (t) =Igg [2 - :| 


Veo Vexs 
va 


During fall time, O<t<t, ig (t)= [as - 


and Ucg it) = t 


Average power loss during fall time is 


_1r’ t)! Voo- Vers 
P=, tes.-ff Zola 


I I 
“120 Vers) 4] "8 
I, 
=f ty 7 (Vee - Ves] 


=5x10°x3x 10°§ x 80 x 2 x (220-2) = 43.6 W 
Instantaneous power loss during fall time is 
- £}| Veo- Vers 
Pit) =Tog [2 - | [festa t 
_es Voc ~ Vezs):t 


rad 
5 ~TIcs Veo - Vezs) 2 


f 

aPkt. 

bat) =0 gives time f,, at which instantaneous power loss during #, would be maximum. 
dt 7 r 


Here ¢,, = t/2. 
-. Peak instantaneous power dissipation during tis 


1\{ Vee - Ve Tes Voc - Vers) 
Pi tes(1~3) cc cs). cs CES. 


2 4 
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= 80.2202) _ 4360 W 


Total average power loss during turn-off process is 

Popa Pot Ppa dat 43.6 =46 W 
During off-period, 0<t<%, 

io(t) =Iczo0 and voz) = Vee 
Instantaneous power loss during ¢, is 

PA(t) = ig: veg = Teno * Voc = 2 10°? x 220 = 0.44 W 
Average power loss during ¢, is 
Padly Py(t)dt =f Iezo* Vee’ to 
. =5x 109 x 2x 10-3 x 220 x 40 x 10° = 0.088 W 


Total average power loss in power-transistor due to collector current over a period T is 
Pp= Poy + Py + Pog + Po = 14.9339 + 40 + 46 + 0.088 = 101.022 W. 


4 P(t) 
4640.4 360 W 
160 W 
t 
| 
Ce ae a : 1 0.44 W 
i t 
btgdete tn+ts tt to | oe 
— -4 


Fig. 2.9. Sketch of instantaneous power loss in a transistor for Examples 2.1 and 2.2. 


From the data obtained in Examples 2.1 and 2.2, the power loss variation as a function 
of time, over a period T, is sketched in Fig. 2.9. 


Example 2.3. A power transistor has its switching waveforms as shown in Fig. 2.10. If 
the average power loss in the transistor is limited to 300 W, find the switching frequency at 
which this transistor can be operated. 


Solution. 
Energy loss during turn-on 


i ; 
= ig: Ugg dt 


ton (I Voo 
=. [Bao [Vee ap. —& x 10% ta 


= ey (2 x 10°) (200 — 5 x 10°) dé 


= 0.1067 watt-sec 


Fig. 2.10. Switching waveform for Example 2.3. 
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bo 
Energy loss during turn-off = | (100 - ” x 108 ‘Ge 108 | dt 
0 


= 0.1603 watt-sec 
Total energy loss in one cycle 

= 0.1067 + 0.1603 = 0.267 W-sec 
Average power loss in transistor 

= switching frequency x energy loss in one cycle 
-, Allowable switching frequency, 


300 
= 020677 1123.6 Hz 
2.4, POWER MOSFETs 
A metal-oxide-semiconductor field-effect transistor (MOSFET) is a recent device 
developed by combining the areas of field-effect concept and MOS technology. 


A power MOSFET has three terminals called drain, source and gate in place of the 
corresponding three terminals collector, emitter and base for BUT. The circuit symbol of power 
MOSFET is as shown ‘in Fig. 2.11 (a). Here arrow indicates the direction of electron flow. A 
BJT is a current controlled device whereas a power MOSFET is a voltage-controlled device. 
As its operation depends upon the flow of majority carriers only, MOSFET is a unipolar device. 
The control signal, or base current in BJT is much larger than the control signal (or gate 
current) required in a MOSFET. This is because of the fact that gate circuit impedance in 
MOSFET is extremely high, of the order of 10° ohm. This large impedance permits the 
MOSFET gate to be driven directly from microelectronic circuits. BJT suffers from second 
breakdown voltage whereas MOSFET is free from this problem. Power MOSFETs are now 
finding increasing applications in low-power high frequency converters. 


Yoo Load 
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Fig. 2.11, N-channel enhancement power MOSFET 
(a) circuit symbol and (6) its basic structure. 

Power MOSFETs are of two types ; n-channel enhancement MOSFET and p-channel 
enhancement MOSFET. Out of these two types, n-channel enhancement MOSFET is more 
common because of higher mobility of electrons. As such, only this type of MOSFET is studied 
in what follows. ‘ 
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Asimplified structure of n-channel planar MOSFET of low power rating is shown in Fig. 
2.11 (6). On p-substrate (or body), two heavily doped n* regions are diffused as shown. An 
insulating layer of silicon dioxide (SiO,) is grown on the surface. Now this insulating layer 
is etched in order to embed metallic source and drain terminals. Note that n* regions make 
contact with source and drain terminals as shown. A layer of metal is also deposited on SiO, 
layer so as to form the gate of MOSFET. 

When gate circuit is open, no current flows from drain to source and load because of one 
reverse-biased n‘-p junction. When gate is made positive with respect to source, an electric 
field is established as shown in Fig. 2.11 (6). Eventually, induced negative charges in the 
p-substrate below SiO, layer are formed. These negative charges, called electrons, form 
n-channel and current can flow from drain to source as shown by the arrow. If Vgg is made 
more positive, n-channel becomes more deep and therefore more current flows from D to S. 
This shows that drain current Ip is enhanced by the gradual increase of gate voltage, hence 
the name enhancement MOSFET. 

The main disadvantage of n-channel planar MOSFET of Fig. 2.11 (6) is that conducting 
n-channel in between drain and source gives large on-state resistance. This leads to high 
power dissipation in n-channel. This shows that planar MOSFET construction of Fig, 2.11 
(b) is feasible only for low-power MOSFETs. 

The constructional details of high power MOSFET are illustrated in Fig. 2.12. In this 
figure is shown a planar diffused metal-oxide-semiconductor (DMOS) structure for n-channel 
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Fig. 2.12. Basic structure of a n-channel DMOS power MOSFET. 


which is quite common for power MOSFETs. On n* substrate, high resistivity n layer is 
epitaxially’ grown. The thickness of n™ layer determines the voltage blocking capability of 
the device. On the other side of n* substrate, a metal layer is deposited to form the drain 
terminal. Now p™ regions are diffused in the epitaxially grown n™ layer. Further, n* regions 
are diffused in p regions as shown. As before, SiO, layer is added, which is then etched so as 


* A mixture of silicon atoms and pentavalent atoms, deposited on wafer, forms a layer of n-type semiconductor 
on heated surface. This layer is called expitaxial layer. 
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to fit metallic source and gate terminals. A power MOSFET actually consists of a parallel 
connection of thousands of basic MOSFET cells on the same single chip of silicon. 


When gate circuit voltage is zero, and Vpp is present , n” — p’ junctions are reverse biased 
and no current flows from drain to source. When gate terminal is made positive with respect 


to source, an electric field is established and electrons form n-channel in the p regions as 
shown. So a current from drain to source is established as indicated by arrows. With gate 
voltage increased current Ip also increases as expected. Length of n-channel can be controlled 


and therefore on-resistance can be made low if short length is used for the channel. 

Power MOSFET conduction is due to majority carriers, therefore, time delays caused by 
removal or recombination of minority carriers are eliminated. Thus, power MOSFET can 
work at switching frequencies in the megahertz range. 

2.4.1. MOSFET Characteristics 

‘The static characteristics of power MOSFET are now described briefly. The basic circuit 
diagram for n-channel power MOSFET is shown in Fig. 2.13 (a) where voltages and currents 
are as indicated. 

(a) Transfer characteristics. This characteristic shows the variation of drain current 
Ip as a function of gate-source voltage Vag. Fig. 2.13 (6) shows typical transfer characteristic 
for n-channel power MOSFET. It is seen that there is threshold voltage Veer below which 
the device is off. The magnitude of Vor is of the order of 2 to 3 V. 


Vost 


Fig. 2.18.) N-channel power MOSFET circuit acca: and 
(6) its typical transfer characteristic. 

(6) Output characteristics. Power MOSFET output characteristics shown in Fig. 2.14 
indicate the variation of drain current Jp as a function of drain-source voltage Vgg a8 a 
parameter. For low values of Vp, the graph between Ip - Vpg is almost linear ; this indicates 
a constant value of on-resistance Rpg = Vps/Ip. For given Vgg, if Vpg is increased, output 
characteristic is relatively flat indicating that drain current is nearly constant. A load line 
intersects the output characteristics at A and B. Here A indicates fully-on condition and B 
fully-off state. Power MOSFET operates as a switch either at A or at B just like a BJT. 
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Fig. 2.14. Output characteristics Fig. 2.15. Switching waveforms 
of a power MOSFET. for power MOSFET. 


(c) Switching characteristics. The switching characteristics of a power MOSFET are 
influenced to a large extent by the internal capacitance of the device and the internal 
impedance of the gate drive circuit. At turn-on, there is an initial delay t,, during which input 
capacitance charges to gate threshold voltage Vgsr Here ty, is called turn-on delay time. 


There is further delay ¢,, called rise time, during which gate voltage rises to Vagp, a voltage 
sufficient to drive the MOSFET into on state. During ¢,, drain current rises from zero to full 
on current Ip. Thus, the total turn-on time is f,, = tj, + ¢,. The turn-on time can be reduced 
by using low-impedance gate drive source. 

As MOSFET is a majority carrier device, turn-off process is initiated soon after removal 
of gate voltage at time t,. The turn-off delay time, ty, is the time during which input 
capacitance discharges from overdrive gate voltage V, to Vgsp. The fall time, ty is the time 
during which input capacitance discharges from Vgsp to threshold voltage. During ¢, drain 
current falls from Ip to zero. So when Vgg $ Vggr, MOSFET turn-off is complete. Switching 
waveforms for a power MOSFET are shown in Fig. 2.15. 

Power MOSFETs are very popular in switched mode power supplies. They are, at present, 
available with 500 V, 140 A ratings. 

2.4.2, Comparison of MOSFET with BJT 

Power MOSFET has several features different from those of BJT. These are outlined as 
under : 

(@) Power MOSFET has lower switching losses but its on-resistance and conduction losses 
are more. A BJT has higher switching losses but lower conduction loss. So at high frequency 
applications, power MOSFET is the obvious choice. But at lower operating frequencies (less 
than about 10 to 30 kHz), BJT is superior. 

(ii) MOSFET is voltage controlled device whereas BJT is current controlled device. 

(iii) MOSFET has positive temperature coefficient for resistance. This makes parallel 
operation of MOSFETs easy. If a MOSFET shares increased current initially, it heats up 


24 [Art. 2.5] Power Electronics 


faster, its resistance rises and this increased resistance causes this current to shift to other 
devices in parallel. A BUT has negative temperature coefficient, so current-sharing resistors 
are necessary during parallel operation of BJTs. 

(tv) In MOSFET, secondary breakdown does not occur, because it has positive temperature 
coefficient. As BJT has negative temperature coefficient, secondary breakdown occurs. In BJT, 
with decrease in resistance, the current increases. This increased current over the same area 
results in hot spots and breakdown of the BJT. 


(v) Power MOSFETs in higher voltage ratings have more conduction loss. 


(vi) The state of the art MOSFETs are available with ratings upto 500 V, 140 A whereas 
BUTs are available with ratings up to 1200 V, 800 A. 


2.5. INSULATED GATE BIPOLAR TRANSISTOR (IGBT) 

IGBT is a new development in the area of power MOSFET technology. This device 
combines into it the advantages of both MOSFET and BJT. So an IGBT has high input 
impedance like a MOSFET and low-on-state power loss as in a BJT. Further, IGBT is free 
from second breakdown problem present in BJT. IGBT is also known as metal-vxide insulated 
gate transistor (MOSIGT), conductively-modulated field effect transistor (COMFET) or 
gain-modulated FET (GEMFET). It was also initially called insulated gate transistor (IGT). 

2.5.1. Basic Structure and Working 

Fig. 2.16 illustrates the basic structure of an IGBT. It is constructed virtually in the same 
manner as a power MOSFET. There is, however ; a major difference in the substrate. The 
n* layer substrate at the drain in a power MOSFET is now substituted in the IGBT by a p* 
layer substrate called collector. Like a power MOSFET, an IGBT has also thousands of basic 
structure cells connected appropriately on a single chip of silicon. 
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Fig. 2.16. Basic structure of an insulated gate bipolar transistor (IGBT). 
When gate is positive with respect to emitter and with gate-emitter voltage more than 
the threshold voltage of IGBT, an n-channel is formed in the p-regions as in a power MOSFET, 
Fig. 2.16, This n-channel short circuits the n- region with n* emitter regions. An electron 
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movement in the n-channel, in turn, causes substantial hole injection from p* substrate layer 
into the epitaxial n™ layer. Eventually, a forward current is established as shown in Fig. 2.16. 

The three layers p*, n™ and p constitute a pnp transistor with p* as emitter, n” as base 
and p as collector. Also n”, p and n* layers constitute npn transistor as shown in Fig. 2.17 (a). 
Here n™ serves as base for pnp transistor and also as collector for npn transistor. Further, 
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Fig. 2.17. IGBT (a) Basic structure, 
(6) its equivalent circuit and (c) its circuit symbol. 


p serves as collector for pnp device and also as base for npn transistor. The two pnp and 
npn transistors can, therefore, be connected as shown in Fig. 2.17 (b) to give the equivalent 
circuit of an IGBT. Fig. 2.17 (c) is the circuit symbol for IGBT with gate (G), emitter (Z) and 
collector (C) as its three terminals. 

2.5.2. IGBT Characteristics 

The circuit of Fig. 2.18 (a) shows the various parameters pertaining to IGBT 
characteristics. 
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Fig. 2.18. IGBT (@) circuit diagram, 
(b) static V-I characteristics and (c) transfer characteristics. 


26 [Art. 2.5] Power Electronics 


Statice V-J or output characteristics of an IGBT (n-channel type) show the plot of collector 
current I, versus collector-emitter voltage Vo, for various values of gate-emitter voltages. 
These characteristics are shown in Fig. 2.18 (6). In the forward direction, the shape of the 
output characteristics is similar to that of BJT. But here the controlling parameter is 
gate-emitter voltage Vgz because IGBT is a voltage-controlled device. 


The transfer characteristic of an IGBT is a plot of collector current I; versus gate-emitter 
voltage Vg, as shown in Fig. 2.18 (c). This characteristic is identical to that of power MOSFET. 
When Vg, is less than the threshold voltage Vgrr IGBT is in the off-state. 


When the device is off, junction J. blocks forward voltage and in case reverse voltage 
appears across collector and emitter, junction J, blocks it. 


2.5.8. Switching Characteristics 


. Switching characteristics of an IGBT during turn-on and turn-off are sketched in Fig. 
2.19. The turn-on time is defined as the time between the instants of forward blocking to 
forward on-state (7). Turn-on time is composed of delay time t,, and rise time ¢,, ie. 
ton = tan + t,. The delay time is defined as the time for the collector-emitter voltage to fall from 
Vog to 0.9 Voy. Here Vog is the initial collector-emitter voltage. Time t,,, may also be defined 
as the time for the collector current to rise from its initial leakage current Icy to 0.1 Ic, Here 
Ig is the final value of collector current. 
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Fig. 2.19. IGBT turn-on and turn-off characteristics. 

The rise time t, is the time during which collector-emitter voltage falls from 0.9 Vog to 
0.1 Voz, It is also defined as the time for the collector current to rise from 0.1 Ig to its final 
value Ip. After time ¢,,,, the collector current is I, and the collector-emitter voltage falls to 
small value called conduction drop = Vogg where subscript S denotes saturated value. 
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The turn-off time is somewhat complex. It consists of three intervals : (i) delay time, ty, 
(i) initial fall time, t, and (dz) final fall time, tp ; Le. top = tap + ty, + tp-The delay time is the 
time during which gate voltage falls from Vgg to threshold voltage Vggr As Vg falls to 
Voer during tgp the collector current falls from I¢ to 0.9 I. At the end of tg, collector-emitter 
voltage begins to rise. The first fall time tq is defined as the time during which collector 
current falls from 90 to 20% of its initial value Io, or the time during which collector-emitter 
voltage rises from Vogg to 0.1 Vog. 


The final fall time tp is the time during which collector current falls from 20 to 10% of 
Ip, or the time during which collector-emitter voltage rises from 0.1 Vo, to final value Vog, 
see Fig. 2.19. 

2.5.4. Applications of IGBT 

IGBTs are widely used in medium power applications such as dc and ac motor drives, 
UPS systems, power supplies and drives for solenoids, relays and contactors. Though IGBTs 
are somewhat more expensive than BJTs, yet they are becoming popular because of lower 
gate-drive requirements, lower switching losses and smaller snubber circuit requirements. 
IGBT converters are more efficient with less size as well as cost, as compared to converters 
based on BJTs. Recently, IGBT inverter induction-motor drives using 15-20 kHz switching 
frequency are finding favour where audio-noise is objectionable. In most applications, IGBTs 
will eventually push out BJTs. At present, the state of the art IGBTs are available upto 1200 
V, 500 A. 


2.6. MOS-CONTROLLED THYRISTOR (MCT) : 

An MCT is a new device in the field of semiconductor-controlled devices. It is basically a 
thyristor with two MOSFETs built into the gate structure. One MOSFET is used for turning 
on the MCT and the other for turning off the device. An MCT is a high-frequency, high-power, 
low-conduction drop switching device. 

An MCT combines into it the features of both conventional four-layer thyristor having 
regenerative action and MOS-gate structure. However, in MCT, anode is the reference with 
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Fig. 2.20. Basic structure of an MCT. 
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respect to which all gate signals are applied. In a conventional SCR, cathode is the reference 
terminal for gate signals. 

The basic structure of an MCT is shown in Fig. 2.20. A practical MCT consists of thousands 
of these basic cells connected in parallel, just like a power MOSFET (7, 8). This is done in 
order to achieve a high-current carrying capacity of the device. 

The equivalent circuit of MCT is shown in Fig. 2.21 (a). It consists of one on-FET, one 
off-FET and two transistors. The on-FET is a p-channel MOSFET and off-FET is an n-channel 
MOSFET. An arrow towards the gate terminal indicates n-channel MOSFET and the arrow 
away from the gate terminal as the p-channel MOSFET. The two transistors in the equivalent 
circuit indicate that there is regenerative feedback in the MCT just as it is in an ordinary 
thyristor. Fig. 2.21 (6) gives the circuit symbol of an MCT. 

An MCT is turned-on by a negative voltage pulse at the gate with respect to the anode 
and is turned-off by a positive voltage pulse. Working of MCT can be understood better by 
referring to Fig. 2.21 (a). 

Turn-on process. As stated above, MCT is turned on by applying a negative voltage 
pulse at the gate with respect to anode. In other words, for turning on MCT, gate is made 
negative with respect to anode by the voltage pulse between gate and anode. With the 
application of this negative voltage pulse, on-FET gets turned-on and off-FET is off. With 


Ao Anode 


A 
Gate 
G 
[or] Off-FET a 
tel 


(n-Channet) 
On-FET 


(p- Channet) 


npn 


C OCathode 
- (a) (6) 
Fig. 2.21. MCT (a) equivalent circuit and (6) circuit symbol. 


on-FET on, current begins to flow from anode A, through on-FET and then as the base current 
and emitter current of npn transistor and then to cathode C. This turns on npn transistor, 
As a result, collector current begins to flow in npn transistor. As off-FET is off, this collector 
current of npn transistor acts as the base current of pnp transistor. Subsequently, pnp 
transistor is also turned on. Once both the transistors are on, regenerative action of the 
connection scheme takes place and the thyristor or MCT is turned on. ; 

Note that on-FET and pnp transistor are in parallel when thyristor is in conduction state. 
During the time MCT is on, base current of npn transistor flows mainly through pnp transistor 
because of its better conducting property. 

Turn-off process. For turning-off the MCT, off-FET (or n -channel MOSFET) is energized 
by positive voltage pulse at the gate. With the applicatitin of positive voltage pulse, off-FET 
is turned on and on-FET is furned off. After off-FET is turned on, emitter-base terminals of 
pnp transistor are short circuited by off-FET. So now anode current begins to flow through 
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off-FET and therefore base current of pnp transistor begins to decrease. Further, collector 
current of pnp transistor that forms the base current of npn transistor also begins to decrease. 
As a consequence, base currents of both pnp and npn transistors, now devoid of stored charge 
in their n and p bases respectively, begin to decay. This regenerative action eventually turns 
off the MCT. 


An MCT has the following merits : 


() Low forward conduction drop, 
(ii) fast turn-on and turn-off times, 
(iii) low switching losses and 
(iv) high gate input impedance, which allows simpler design of drive circuits. 

An MCT is a brand-new device which is likely to be available commercially very soon. As 
it possesses highly adaptable features for its use as a switching device, it seems to have 
tremendous scope for its widespread applications. Its potential applications include de and 
ac motor drives, UPS systems, induction heating, dc-dc converters, power line conditioners 
etc. It may, in the near future, challenge the existence of thost of the available devices like 
thyristors, GTOs, BJTs, IGBTs (7). 


2.7. NEW SEMICONDUCTING MATERIALS 
At present, silicon enjoys monopoly as a semiconductor material for the commercial 
production of power-control devices. This is because silicon is cheaply available and 
semiconductor devices of any size can be easily fabricated on a single silicon chip. There are, 
however, new types of materials like gallium assenic (GaAs), silicon carbide and diamond 
which possess the desirable properties required for switching devices. At present, 
state-of-the-art technology for these materials is primitive compared with silicon, and many 
more years of research investment are required before these materials become commercially 
viable for the production of power-contolled devices. Superconductive materials may also be 
used in the manufacture of such devices, but work in this direction has not yet been reported. 
Germanium is not used in the fabrication of thyristors because of the following reasons: 
(i) Germanium has much lower thermal conductivity ; its thermal! resistance is, there- 
fore, more. As a consequence, germanium thyristors suffer from more losses, more 
temperature rise and therefore lower operating life. 
(ii) Its breakdown voltage is much less than that of silicon. It means that germanium 
thyristor can be built for small voltage ratings only. 
(ii) Germanium is much costlier than silicon. 


PROBLEMS 


2.1. (a) What is a diode ? Give the difference between power and signal diodes. (6) Discuss the 
differences between p-n junction diodes and Schottky diodes. 


(c) Describe reverse recovery characteristics of diodes. Show that reverse recovery time and peak 
inverse current are dependent upon storage charge and rate of change of current. 


2.2 (a) Describe the various types of power diodes indicating clearly the differences amongst them. 
(b) Discuss static V-I characteristic of a power diode. 

2.8. (a) What is cut-in voltage in a diode ? What are other terms used for cut-in voltage ? 

(b) Discuss the following terms for diodes : 

Softness factor, PIV, reverse recovery time, reverse recovery current. 
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(c) For a power diode, the reverse recovery time is 3.9 ys and the rate of diode-current decay is 
50 A/us. For a softness factor of 0.3, calculate the peak inverse current and storage charge. 
“ [Ans, (c) 150 A, 292.5 uc} 


2.4. (a) Discuss the power loss in a diode during the reverse recovery transients. 
(6) The forward characteristic of a power diode can be represented by uf = 0.88 + 0.015 i. Determine 


the average power loss and rms current for a constant current of 50 A for 2/3 of a cycle. 
27/3 
[sin (6) With T as the time of a cycle, average power loss = 4 0 ug Ipdt ae 


(Ans. (6) 54.33 W, 40.825 A] 


2.5. (2) Enumerate the types of power transistors along with their circuit symbols. 

(6) What is a bipolar junction transistor ? Why is it so called ? 

Describe the types of BJTs with their circuit symbols 

(c) Define « and B for BJT and develop a relation between the two. Why is a less than 1 and B more 
than 1? 

(d) Why is it preferrable to use hard drive for BUT ? 

2.6, (a) What is the difference between f and forced , for BUTs ? 

(b) What are the conditions under which a transistor operates as a switch ? 

Discuss hard-drive and overdrive factor for BJT. 

(c) Show that collector current at saturation remains substantially constant even if base current is 
increased. 

2.7. (a) Explain the switching performance of BJT with relevant waveforms. Indicate clearly turn-on 
and turn-off times and their components. 

(b) Describe FBSOA and RBSOA for BJTs. 

2.8. (a) Describe the input and output charac- 


teristic for a BJT. Show the region of the transistor 
characteristic where it acts like a switch. 

(b) Typical switching waveforms for a power tran- 
sistor are shown in Fig. 2.22. Show that switch-on 
energy loss is given by 

Veo les , Pr 
6 ‘on Vec 

Also obtain an expression for the average value of £ ! 
switch-on loss. ten | ten r 

(c) Derive expressions for the switch-off energy T: +| 
loss and also for its average value for the waveforms 
shown in Fig. 2.22. . 


ic 


Ye 


Saas a 


Fig. 2.22, Pertaining to Prob. 2.8 (0). 
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[ans {b) SL ton (©) 6 top 7 SSF topp 
2.9, In case Igg = 80 A, Voc = 220 V, fon = 1.5 ps and tog= 4 us for the switching waveforms shown 
in Fig. 2.22, find the energy loss during switch-on and switch-off intervals. Find also the average power 
loss in the power transistor for a switching frequency of 2 kHz. 
Derive the expressions used. [Ans 4.4mWs, 11.73 mWs, 32.267 W] 


2.10. (a) For the typical switching waveforms shown in Fig. 2.22 for a power transistor, find 
expressions that give peak instantaneous power loss during ¢,, and f,¢ intervals respectively. 
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(b) In case Igg = 80 A, Voc = 220V, ton= 1.5 ps and tog= 4 ps, find the peak value of instantaneous 
power loss during fon and tog intervals respectively. 


Ios-Veo Tes Ve 
{Ans. (2) SE, ar a (6) 4400 W, 4400 W) 


2.11. A power transistor is used as a switch and typical waveforms are shown in Fig. 2.6. The 
parameters for the transistor circuit are as under : 
Voc =200V, Vors=2-5V, log= 60.4, ta= O.5us, t,=1ys, 
t, = 40 ps, t= 4us, t= 3s, to =30 ps, f=10 kHz. 
Collector to emitter leakage current = 1.5 mA. 
Determine average power loss due to collector current during ¢,, andt, . Find also the peak 
instantaneous power loss due to collector current during turn-on time. 
Sketch the instantaneous power loss during ty, and fp. {Ans. 20.5015 W, 60 W, 3037.97 WI 
2.12. Repeat Prob. 2.11 for obtaining average power loss during turn-off time and off-period, and 
also peak instantaneous power loss during fall time due to collector current. 
Sketch the instantaneous power loss during turn-off time and off-period. 


2.13. Fig. 2.23 shows the switching charac- v,,I, 
teristics for a power semiconductor device. Derive 
the expressions for energy loss during turn-on Vs 
and turn-off periods, and also for the average 
awitching loss. Sketch the variation of power loss 
during turn-on and turn-off periods. 

For V, = 220 V, I,= 10 A, t)=1 8, t,=2 us, 
tg = 1.58 and t4= 3.us, find the average value of wat et z 

_ switching loss i i itchi ste ght 

power-switching Joss in the device for a switching ae Sab ta + 


frequency of 1 kHz. ton 
Fig. 2.23. Pertaining to Prob. 2.13. 
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2.14. (a) Explain the constructional details and working of low-power MOSFET and power MOSFET 
and bring out the differences between the two. 

(b) Discuss transfer and output characteristics of power MOSFETs. 

2.15. (a) Describe the switching characteristics of power MOSFETs. 

(b) Compare power MOSFETs with BJTs. 

2.16. (a2) What is IGBT ? What are its other names ? Give its basic structural features and working. 

(b) Derive the equivalent circuit of IGBT from its structural details. Also describe input and transfer 
characteristics of an IGBT. 

2.17. (a) Explain switching characteristics of an IGBT. 

(b) Why are IGBTs becoming popular in their applications to controlled converters ? Enumerate 
some applications of IGBTs. 

2.18. (a) Describe the basic structure of MOS controlled thyristor (MCT). Give its equivalent circuit 
and explain the turn-on and turn-off processes. 

Give futuristic applications of MCTs. 

(b) Discuss briefly about new semiconducting materials. 


[Ans Vy-la (tr ta), 5 Vale (tats) 1 Vy Taf ton + thi 75 w 
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Diode Circuits and Rectifiers : 


Arectifier is a circuit that converts ac input voltage to de output voltage. Semiconductor 
diodes are used extensively in power electronic circuits for the conversion of power from ac 
to de. A rectifier employing diodes is called an uncontrolled rectifier, because its average 
output voltage is a fixed dc voltage. : 

In this chapter, first diode circuits involving different combinations of R, L and C are 
studied, and then diode rectifiers are described. For simplicity, the diodes are considered as 
ideal switches. An ideal diode has no forward voltage drop and reverse recovery time is 
negligible. : 

3.1. Diode Circuits with DC Source 

In this section, the effect of switching a dc source to a circuit consisting of diode and 
different circuit parameters is examined. The conclusions arrived at can then be applied to 
similar situations encountered later in power-electronic circuits. 

3.1.1. Resistive Load 

In the circuit of Fig. 3.1 (a), when switch S is closed, the current rises instantaneously 
to V,/R as shown in Fig. 3.1 (b). Here V, is the de source voltage and R is the load resistance, 
When switch S is opened at ¢,, the current at once falls to zero, Fig. 3.1 (6). Voltage Up across 
diode is zero during the time diode conducts and is equal to + V, after diode stops conducting. 


(a) ty Vs 
{b) t 
Fig. 3.1. Diode circuit with R load (a) circuit diagram and (0) waveforms. 
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3.1.2. RC Load 
A circuit with de source, diode and RC load is shown in Fig. 3.2 (a). When-switch S is 
closed at t= 0, KVL gives 


Ri+ZJidt=v, 
v, 
Xo, aT 3.1) 


Its Laplace transform is R I(s) + Fal 3 


As the initial voltage across C is zero, q(0) = 0. With this, Eq. (3.1) becomes 


tel + 4 
cs 


or Xs)= De 
R 8+ RG S+RE 


la 


s 
ve 
R 


2) 

+" 
Te -°s “f+ 
| m3 
Vs Yo 

owe 2h 
c AE fv 
(a) tb) : 
Fig. 3.2. Diode circuit with RC load (a) circuit diagram and (6) waveforms. 
V, 
Its Laplace inverse is i(t) = z we tre (3.2) 


The voltage across capacitor is 
t ft 
v= J, iat= 55 J, e 
=V,(-e #/RC) 
=V,a-e") 
where t= RC is the time constant for RC circuit. From Eq. (3.3a), initial rate of change of 
capacitor voltage is given by 


-t/RC 


«(3,3a) 
». (3.30) 


d de | -ure 1 Vs 
de| _ly. poe] | ess ABA 
G hezo Mert RC t=0 RC = 
; source voltage, V, 
Time constant, RC= —“difdty.g 


Jn Fig. 3.2 (6), current and voltage variations are as shown. 


34 (Art. 3.1] Power Electronics 


3.1.3. RL Load 
When switch S is closed at ¢ = 0 in the RL and diode circuit of Fig. 3.3 (a), KVL gives 


RitLS=V, (BB) 
(a) (b) 
Fig. 3.3. Diode circuit with RL load (a) circuit diagram and (6) waveforms. 
With initial current in the inductor as zero, the solution of Eq. (3.5) gives 
Vv. _B 
i =Ba-e*) (3.6) 
Initial rate of rise of current is 
di} _{¥e Br aM 
a -(2 (OL =r 3.7) 
t=0 t=0 
d mid 
The voltage across L is u(t) =L an V,-e © -(3.8) 


For RL circuit, a t is the time constant. The waveforms of current and voltage across 


inductance are sketched in Fig. 3.3 (6). 

3.1.4. LC Load 

A diode circuit with dc source voltage V,, switch S and LC load is shown in Fig. 3.4 (a). 
When switch S is closed at t = 0, the voltage equation governing its performance is given by 


di 1f.,_ 
LG. t fidt=v, 
Vs 
s 
As the circuit is initially relaxed, i(0) = 0 and ug (0) =0 or g(0) =C - ue(0) =0 


1]_¥s 
ra] + ral ; 


Its Laplace transform is  L fs I(s) — 1(0)] + é Fe + ma = 
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Volt 


I, = 


Fig. 3.4. Diode cireuit with LC load (a) circuit diagram and (6) waveforms. 


Its Laplace inverse is i(t) = V, - ve sin Wot (8.9) 


Here @, = We is called resonant frequency of the circuit. Capacitor voltage is given by 


1f'. ify ale. 
eet=G) iw -at=F J. VoNE Sin @, t 
=V, (1 — cos apt) ..(8,10a) 
Voltage across inductance is given by 
v(t) = HO - Veos apt . (3.108) 


When @)f)=" or when tg=%/@p, from Eq. (3.9), i(f))=0 and from Eq. (3.109), 
‘9 =2V, and uz(to)=- V, 
Here ty = %/@p = conduction time of diode =x VEC 


From Eq. (3.9), circuit or diode current at fy/ 22 se attains a peak value of 
0 


V,: VC/L as shown in Fig. 3.4 (6). Voltage across diode, soon after diode stops conduction 


at ty is given by 
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Up =- 0, -—Ug + V,=0-2V,+V,=~V,. 
Waveforms of i(t), vc, vy, and up are sketched in Fig. 3.4 (6). It is seen that at 


1/2 = diode current reaches peak value, vg=V, and v,=0. Also at 


2 Wp’ 
ty = K/Wy = 1 (VEC), diode current decays to zero and capacitor is charged to voltage 2V,. Soon 
after to, voltage across L is zero and diode voltage vp =~ V,. 

Example 3.1. For the circuit shown in Fig. 3.5 (a), the capacitor is initially charged to a 
voltage Vp with upper plate positive. Switch S is closed at t = O. Derive expressions for the 
current in the circuit and voltage across capacitor C. What is the peak value of diode current? 
Find also the energy dissipated in the circuit. 


Solution. When switch S is closed, KVL gives 
Ri+3 Jidt=0 
Its Laplace transform, including the initial voltage across capacitor, is 


Ay _ CV] _ 
rae)+3 - =0 


8 
1)_% 
or 1(s) E + ra ros 
a4 
Its solution, as per Art. 3.1.2, is i(t) =F en /RC 
i 
S i | Voi ct 
i Yo ze irc 
+ 7 i Ss 
R vu, t 


Fig. 3.5. Pertaining to Example 3.1 (a) circuit diagram and (b) waveforms. 
.. Peak diode current = 


t 
Capacitor voltage, Ue(t) = z! idt- Vy 
0 


=-Vie tne 
=. 0 


Current i(¢) and voltage v((¢) are sketched in Fig. 3.5 (6). 
Energy dissipated in the circuit =} CV} Joules 


ape 
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Example 3.2. In the diode and LC network shown in Fig. 3.6 (a), the capacitor is initially 
charged to voltage V, with upper plate positive. Switch S is closed at t = 0. Derive expressions 
for current through and voltage across C. 

Find the conduction time of diode, peak current through the diode and final steady-state 
voltage across C in case V,=400 V, V)=100V, L=100uH and C=30 uF Determine also 
the voltage across diode after it stops conduction. 

Soution : When switch S is closed, KVL for Fig. 3.6 (a) gives 

LG 4d fidt=v, 

Its Laplace transform gives 


C-Vo|_ Vs 
s | 8 


oy «2 | Ld 
L [s Xs) — i(0)] +3 a + 
As initially i(0) = 0, the above equation becomes 


1)_¥-Vo 
tea [st-+55]= 7 


(a) 


Fig. 3.6. Pertaining to Example 3.2 (a) circuit diagram and (b) waveforms. 


This equation in s-domain can be solved as in Art 3.1.4. Its solution is 


i(t) =(V,~- Vo): VE SiN Wy t 


fe ae 
vet) = (V, — Vo) LJ, sm eot+Vo 


= (V, — Vo) (1 — cos Wot) + Vo 


At a t=0, volt) = Vo 
At @y t= 7/2, vet) =V, andat W)f=n, up(t)=2 (V,— Vo) + Vy =2V,- Vo. 
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Diode conduction time. ty = = =n VLC = nV30 x 160 x 10° © = 54.77 us 


‘0 
Peak current through diode, Jf, =(V, — Vo) ve 


“ | 30 
= 300 700 7 164.32 A 


Steady state voltage across C occurs when Wofg = T. 
Vo = 2 (V, — Vo) + Vo = 2V, ~ Vy = 2 x 400 - 100 = 700 V 
Voltage across diode, after it stops conducting, is given by 
Up =~ Up, - Uc + V, = 0 — (2V, — Vo) + V, =- V, + Vo =— 400 + 100 
=~ 800 V. 
Example 3.3. In the circuit shown in Fig. 3.7 (a), the capacitor has initial voltage of Vo 


with upper plate positive. The circuit is switched at t = 0. Derive expressions for current and 
voltage across capacitor. Find the conduction time for diode and steady-state capacitor voltage. 


Solution. The voltage equation for the circuit of Fig. 3.7 (a), after switch S is closed at 
t=0, is 


Its Laplace transform, including initial voltage across capacitor, is 
A) us) _CVo} _ 
Is) +3 a =0 
14 _ Yo 

1 [xt + sc |* : 

Here minus sign is put before Vo, because for the direction of positive current flow, polarity 
of V, is opposite. 

Solution of above s-domain equation, from Art. 3.1.4, is 


v| ch. (initial 
e _ voltage) 
i —_ 


{a) (b) 
Fig. 3.7, Pertaining to Example 3.3 (a) circuit diagram and (6) waveforms. 
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i) = Vo ve sin @ t 


ft 
Voltage across C is vet) = Vo VE f, SiN Wot — Vo =— Vo cos Wot 
Diode conduction time, to= = =nviC 
Steady-state capacitor voltage =—V)cosn=+V, 
Voltage across diode, Up=- Vo. 


Waveforms for i, Ve and vp are sketched in Fig. 3.7 (6) 


8.1.5. RLC Load 
A diode in series with RLC circuit is shown in Fig. 3.8 (a). KVL for this circuit, when 
switch S is closed at ¢ = 0, is given by 


ee clk Te 
anise +4 fidt=v, 


Underdamped 
Critically damped 


ane 


Ny ‘ 


Overdamped 


~. 


(a) (6) 
Fig. 3.8. Diode circuit with RLC load (a) circuit diagram and (6) waveforms, 


With zero initial conditions, the Laplace transform of above equation is 


1). 
Is) [r +sL+ ral . 
1 
=. 
7 OE a Bad 
L” Lc 
Here s?+ z St i =0 is the characteristic equation in s-domain. The roots of this 
equation are 
2 
R R a 
8=~ort ‘lor| ~ Le 
or s=-E+tv&—a (3.11) 
where p= « (3,12) 
is called the damping factor. @ =98 =(3.13) 


is called resonant frequency in rad/sec 
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2 
and o, = VA.- le) (3.14) 


Also Wy = VO, + 
Depending upon the values of & and @p, the solution for the current can have three possible 
solutions. 
Case 1. In ease & < @p, it is seen from Eq. (3.11) that the roots are complex and the circuit 
is said to be underdamped. The two roots are 
s,=-§+jo, and s,=-§-jo, 
and the current is given by 


2. 9-8! gi 
on? sin wrt (3.15) 


, 


it) = 
Case 2. If & > @p, the two roots are real and the circuit is said to be overdamped. The two 
roots are 


oy=-§+NG— a} and s)=-§- Ver oh 


and the solution for current is 


it 
aaa eae - 
Case 8. In case § = og, the roots are ocual and the circuit is said to be critically damped. 
The roots are s, =s)=~-& and the solution for the current is 


- sinh Vé7— ant (3.16) 


V, 
=z t- et (8.17) 


Waveforms of current for the three different levels of damping are sketched in Fig. 3.8 
(b). 
Example 3.4. For the circuit of Fig. 3.8 (a), the data is as under : 
R=100, L=1mH, C=5uF, V,=230V 
The circuit is initially relaxed. With switch closed at t = 0, determine (a) current i(t) (b) 
conduction time of diode (c) rate of change of current at t = 0. 
Solution : (a) From Eq. (3.12), 


_ 10x 1000 


é= Qx1 = 5000 rad / sec 


10° 
= 507 14142.136 rad/s 


1 
From Eq. (3.13), YEC *Tixio?x5x 10 °)2- 


10” 1/2 
From Eq. (3.14), @, = [ee — (5000) | = 13228.76 rad/s 


Here as & < @p, the circuit is underdamped. The current is, therefore, given by Eq. (3.15). 


i) = 230 x 1000 
13228.76 x 1 
= 17 BRA. 9 5000. ain (12998 TAH 


« @7 5000 | sin (13228.76)t 


sasha 
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(b) Diode stops conducting when ©, t, =% 
«. Conduction time of diode, 


t Re 
t= @ = jaaa8.76 ~ 737482 HS 
ad Ver-e ; -& 
(c) From Eq. (3.15), o —*-|e°*. @, cos wt — sin 2 - (— §) @ 
dt wall c. ] 
di| _Vs_ 280x 1000 _ 
at he Lo 1 = 230,000 A/s. 


3.2. FREEWHEELING DIODES 
In Fig. 3.3 (a), steady state current, after switch S is closed, is equal to V,/R. If switch 


S is now opened, the energy stored =iL (V,/RY in inductance Z will appear in the form 


of arc at the opening contacts of switch S. In order to avoid such an occurrence, a diode FD, 
called freewheeling, or flywheel, diode, is connected across RL as shown in Fig. 3.9. (a), For 
understanding how FD comes into play, the working of circuit of Fig. 3.9 (a) is divided into 
two modes. 

Mode I : When switch S is closed in Fig. 3.9 (a) at ¢=0, current flows through 
V,, 8, D, R and L as shown in Fig. 3.9 (6). In this circuit, current iis given by 


0 
# S$ 
R 
Vs FO 


(a) (b) 


Fig. 3.9. Circuit of Fig. 3.3 with freewheeling diode. 


-&, 
i=sq1-e %) (3.18) 


Final value of current, -R 
Mode II : When switch S is opened at ¢ = 0, current in the circuit tends to decay and so 
a voltage L e is induced in L which current 
forward biases freewheeling diode. The 
current is, therefore, transferred to the 
circuit consisting of FD, R and L as shown 
in Fig. 3.9 (c). In this circuit, current is 
given by 


VE 8 ~ 
ieee t (3.19) [Mode 1 ——=}—-Mode n=} ™® 
R 


Fig. 3.9 (d). Current variation in the circuit of Fig 3.8. 
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The current 7, will eventually decay to zero exponentially in mode II of Fig. 3.9 (c). The 
current build up during mode I and current decay during mode II are shown in Fig. 3.9 (d). 
3.3. DIODE AND L CIRCUIT 


Consider the circuit of Fig. 3.10 (2) where dc source feeds L through diode D. A 
freewheeling diode FD is connected across L. When switch S is closed at t= 0, KVL gives 


di 
Vi,=L ai 
V. 
or is r t ...(3.20) 
$ fr) ra 
-0 Sopp oh t 
ik ; 
Vs FD L hi 
I. itd f } 
J f t 
1 


Vs 
Tv 4 
t 


{a) (b) 
Fig. 3.10. Diode circuit with FD amd L load (a) circuit diagram and (b) waveforms, 


This shows that current i rises linearly with time t. In case switch S is opened at t,, load 


V, 
current z t, begins to flow through FD. As there is no resistance in the circuit formed by 


V, 
Land FD, current continues to flow at its constant value of SH t, Energy stored in the 


2(L 
3.4. RECOVERY OF TRAPPED ENERGY 


In the ideal circuit of Fig. 3.10 (a), the energy stored in the inductor is trapped. This 
trapped energy is not dissipated even when FD conducts because circuit does not contain 
resistance. The best way of utilization of this trapped energy is to return it to the source. In 
this manner, not energy taken from the source is reduced and the system efficiency improves. 


2 
Vv, ve 
inductance is i G 4] L =. : L t, joules. Current waveforms are shown in Fig. 3.10 (5). 


One way of returning this trapped energy back to the source is to add a second winding 
closely coupled with the inductor winding as shown in Fig. 3.11. A diode D is also placed in 
series with the second winding. The inductor now behaves like a transformer. The two 
windings are so arranged that their polarity markings are opposite to each other. 


When switch S is closed, current i begins to flow and energy is stored in the inductance 
of primary winding with N, turns. The polarity of the secondary winding voltage V, is as 
shown. The diode D is reverse biased by voltage (V, + V,). 
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Fig. 3.11. eas seeinary circuit (a) switch S closed and (6) a S opened. 
When switch S is opened, polarities of voltages V, and V, get reversed, the diode is now 
forward biased by voltage (V2 — V,). As a result, diode begins to conduct a current i; into the 
positive terminal of source voltage V, and so the trapped energy is fed back to the source. 


Energy fedback to de source = V, x current 1; dependent upon (V2 - V,). 
The energy stored in Z of N, turns is transferred to secondary winding of Nz turns from 
where it is fed back into the dc source. 


3.5. SINGLE-PHASE DIODE RECTIFIERS 

Rectification is the process of conversion of alternating input voltage to direct output 
voltage. As stated before, a rectifier converts ac power to de. In diode-based rectifiers, the 
output voltage cannot be controlled. 

In this section, uncontrolled single-phase rectifiers are studied. The diode is assumed 
ideal as before. 

3.5.1. Single-Phase Half-wave Rectifier 

This is the simplest type of uncontrolled rectifier. It is never used in industrial 
applications because of its poor performance. Its study is, however, useful in understanding 
the principle of rectifier operation. 

In a single-phase half-wave rectifier, for one cycle of supply voltage, there is one haif-cycle 
of output, or load, voltage. As such, it is also called single-phase one-pulse rectifier. 

The load on the output side of rectifier may be R, RL or RL with a flywheel diode. These 
are now discussed briefly. 

(a) R load : The circuit diagram of a single-phase half-wave rectifier is shown in Fig. 
3,12 (a). During the positive half cycle, diode is forward biased, it therefore conducts from 
wt = 0° to wt = 2. During the positive half cycle, output voltage Ug = source voltage uv, and load 
current ip=U)/R. Atmt=n, vy =O and for R load, ig is also zero. As soon as v, tends to become 
negative after wt =m, diode D is reverse biased, it is therefore turned off and goes into blocking 
state. Output voltage, as well as output current, are zero from wt=n to ot=2n. After 
@t = 2n, diode is again forward biased and conduction begins. 

For a resistive load, output current i, has the same waveform as that of the output voltage 
Ug. Diode voltage vp is zero when diode conducts. Diode is reverse biased from wi=1 to 
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@t = 2n as shown. The waveforms of v,, Uo, ig and up are sketched in Fig. 3.12 (6). Here source 
voltage is sinusoidal i.e. v, = V,, sin wt. KVL for the circuit of Fig. 3.12 (a) gives v, = Up + Up. 


at 
7 Source 


ge 
= [Vp sinwt] 


to 


(a) (6) 
Fig. 3.12. Single-phase half-wave diode rectifier with R load (2) circuit diagram and (b) waveforms. 


Average value of output (or load) voltage, 


x 
Vo “af V,, sin wt d(o o| 
v, 


V, 
“i | -coswt |§=— 
x 1/2 
Rms value of output voltage, V,, = Ee f, V2 sin? wt - ao] 
1/2 
V, 1 
=x [Jo =g820 | 
V, 
=—3 «.(3.22) 
Here the subscript ‘r’ is used to denote rms value. 
Average value of load current, 
VY, Y,z ; 
l= Ra (3.23) 
Vor _ Vn 
Rms value of load current, 1, = RR +(3.24) 
Peak value of load, or diode, current 
Vin 
-z +(8.25) 


Peak inverse voltage, PIV, is an important parameter in the design of rectifier circuits 
PIV is the maximum voltage that appears across the device (here diode) during its blocking 
state. In Fig. 3.12, PIV=V,, = v2 - V, = 2 (rms value of transformer secondary voltage). 


-(3.21) 
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Power delivered to resistive load = (rms load voltage) (rms load current ) 


Vn Vm Va _ Ve 
= Vor “Tor = SR GR” aR Tr (3.26) 
Input power factor _ Power delivered to load 
- Input VA 
Vor “Tor Vor _N2Vi _ 
2 Vd. Vy =O, = 0.707 lag. 


(b) L load : Single-phase half-wave diode rectifier with L load is shown in Fig. 3.13 (a). 
When switch S is closed at wt =0, diode starts conducting. KVL for this circuit gives 


d 
p, == L 52 =V,, sin ot 


dt 
V, 
or ig= 7 | sin ot -dt 
Vie 
=- Gp cos atta 48.27 a) 
. Vin 
At wt =0, i= 9, -. =-arté 
or A=V,,/@L 
Substitution of the value of A in Eq. (3.27 a) gives 
. Vn 
ig = Gy (1 — cs ae) ..(3.27 b) 
di,_, Vmy 7 
Output voltage, vo=L Ee =L or {sin wt] @ = V,, Sin Of =v, 


Source voltage v, and botn output voltage vg and output current iy are plotted in Fig. 3.13 
(0). 
Average value of output voltage, Vy =0 


(a) (b) 
Fig. 3.13. Single-phase one-pulse rectifier with L load (a) circuit diagram and (b) waveforms, 
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The output current i) consists of dc component and fundamental frequency component of 


frequency o. 
Peak value of current [,,,, occurs at wf =n 


Ina = (1 +t) «.(3.28) 
A lue of t Rede l lea ccs we) dene 
verage value of current, 0- aed, on! ~ cos wt) d(t) 


Vin 


= oF db Ina AB.29) 


Rms value of fundamental current, 1,, is given by 


2 172 
(Vn 
1, = E (%) . (cos at)? seo 


V, V, 


m s 


“5 aE ab We (3.30) 


1/2 
Rms value of rectified current =[ 0 +f] 
R al = 1.225 I, (3.31) 


Voltage across diode, vp = 0. 
(c) C Load : In Fig. 3.14 (a), when switch S is closed at wt = 0, the equation governing 
the behaviour of the circuit is 
dv, 


f da 7 
b= Cap aC a, (VY, sin ot) 


Vm Sin wt 


Hl 

| 

H 

+ 

tc] wt 
i 

4 

i of 

Lt 

1 [Vmi 

4”) - 

| 30 wt 

: t 

wo 

Ni ott 

ast 

4 Ls cold 

ee at 

! : i 

Sx/2 3a ?nf2 L 

tut 


(a : (6) 
Fig. 3.14. Single-phase half-wave diode rectifier with C load (a) circuit diagram and (b) waveforms. 


site 
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=a V,, cos wt «(3.32) 
Output voltage, Uo= é fiat =V,, sin of =0,=U¢ 


Capacitor is charged to voltage V,, at at = and subsequently this voltage remains 
constant at V,,. This is shown as U9 = uc in Fig. 3.14 (6) 
Capacitor current or load current is maximum at «wf = 0. Its value at at =0 is w CV, as 


shown. 


aa seconds only from wt = 0 to wt = - . During this interval, diode 


voltage is, therefore, zero. After wt = 1/2 , diode voltage up is given by 


The diode conducts for 


Up =—Ugtu,=—V,, + V,, sin wt 
= V(sin wt — 1) .. (3.33) 
For Eq. (3.33), the time origin is redefined at wf = 1/2. 


After wt = x/2, diode voltage is plotted as shown in Fig. 3.14 (6). At ut = 8%, up =-2V,,. 


Average value of voltage across diode, 
ea r ae 
Vp= Ondo V,, (sin wt — 1) d(ct) 
=V,=2 V, (3.34) 


Rms value of fundamental component of voltage across diode, 


1/2 
V;, a2: [ V2 sin? ot aca mei (8.34 B) 
[2x79 ™ V2 
Rms value of voltage across diode 
=VV5 + Vi, = 1.225 V,, (3.35) 


Example 3.5. A single-phase 230 V, 1 kW heater is connected across single-phase 230 V, 
50 Hz supply through a diode. Calculate the power delivered to the heater element. Find also 
the peak diode current and input power factor. 


: F 230° 
Solution. Heater resistance, R= 1000 Q 
Rms value of output voltage, from Eq. (3.22), is 
_ ¥2 x 230 
or 2. 
Power absorbed by heater element 
Vi, 2x 230? 1000 
= tg * ggg? 500 
Peak value of diode current, from Eq. (3.25), is given by 
V2 x 230 


jag? 1000= 6.1478 A 
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V, 
Input power factor = —“ = v2 x230 eae 0.707 fag. 


(d) RE Load : Single-phase half-wave rectifier with load resistance R and load counter * 


emf E is shown in Fig. 3.15 (a). If the switch S is closed at wt = 0° or when v, = 0, then diode 


(a) (b) 
Fig. 3.15. Single-phase half-wave diode rectifier with RE load. 


would not conduct at wt=0 because diode is reverse biased until source voltage v, equals 
E. When V,, sin 0, = E, diode D starts conducting and the turn-on angle 6, is given by 
=sin?(~ 
8, = sin (v.) «..(3,36) 
The diode now conducts from @t= 6, to wt=(n~-6,), i.e. conduction angle for diode is 
(m — 20,) as shown in Fig. 3.15 (6). During the conduction period of diode, the voltage equation 
for the circuit is 
V,, Sinot=E+igR 
V,, 8in ot - E 
or ip= = (3.37) 


Average value of this current is given by 


n-% 
h=s45 i (V,, sin wt ~ E) aw| 


= oa [2 V,, cos 0, — E (x — 28,)] (3.38) 


Rms value of the load current of Eq. (3.37) is 
1/2 
1 f*-4(V,, sin wt -E 
ft, “|i fi [fase + dws) 


rer 1/2 
aE i "(V, si? ot + B® -2V,, E sin wt) a0 
TU 1 : 
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1/2 
= E- {v2 +B) (w- 20,) + V? sin 20, - 4 V,, E cos ol] «..(3.39) 


Power delivered to load, 
P=E1,+2,R watts (3.40) 


Supply pf = Power delivered to load 
PPtY P (Source voltage) (rms value of source current) 


_El+h,R 
i V, im Ty 

It is seen from Fig, 3.15 (a) that at wt = 0°, up =-E and at wt =6,, vp=0. During the 
period diode conducts, .vp=0. When wf = 3/2, v,=~-V,, and vp=-(V,,+£). Thus PIV for 
diode is (V,, + £). ; 

Example 3.6. A dc battery of constant emf E is charged through a resistor as shown in 
Fig. 3.15 (a). For source voltage of 235 V, 50 Hz and for R=8Q, E= 150 V, 

(a) find the value of average charging current, 

(b) find the power supplied to battery and that dissipated in the resistor, 


(c) calculate the supply pf, 
(d) find the charging time in case battery capacity is 1000 Wh and 
(e) find rectifier efficiency and PIV of the diode. 


Solution : (a) The diode will start conducting at an angle @,, where 


1_.150 
WB x 250 ~ 77-46% 


Average value of charging current, from Eq. (3.38), is 


(3.41) 


6, = sin™ 


ah ; _ _ 2X 27.466 x0 
h=s3 [2 V2 x 230 cos 27.466° - 150 [ “00 ] 
= 4.9676 A 


(6) Power delivered to battery 
= EIy= 150 x x 4.9676 = 745.14 W 


Rms value of charging current, from Eq. (3.39), is 


a [aexea{ 220" +150?) ( m~ 2x 27.466 x its} 230? sin 27.466 


2n x 64 180 
—4 V2 x 230 150 cos 27.466°}| = 9.2955 A 


Power dissipated in resistor 
= PR = 9.2955)" x 8 = 691.25 W 


(c) From Eq. (3.41), the supply 


p= 745.14 + 691.25 
PI= "930 x 9.2955 


(d) (Power delivered to battery) (charging time in hours) 
= Battery capacity in Wh. 


= 0.672 lag 
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: eee 1000 | 
«. Charging time = 745147 1.342 h 
: ‘ __ Power delivered to battery 
{e) Rectifier efficiency = Total input power 
745.14 


= 746.14 4691.05 x 100 = 51.876% 


(f) PIV of diode =V,, + E =V2 x 230+ 150 = 475.22 V. 

(e) RL Load : A single-phase one-pulse diode rectifier feeding RL load is shown in Fig. 
3.16 (a). Current i) continues to flow-even after source voltage v, has become negative ; this 
is because of the presence of inductance L in the load circuit. Voltage vp =ig R has the same 
waveshape as that of ip. Inductor voltage uy =v, — Uz is also shown. The current i, flows till 


the two areas A and B are equal. Area A represents the energy stored by L and area B the 
energy released by L. It must be noted that average value of voltage v, across inductor L is 


zero. 


(0) ¥s=Vmsinwt 


(a) 


(b) 


Fig. 3.16. Single-phase half-wave diode rectifier with RL load 
(a) circuit diagram and (6) waveforms. 


When ip = 0 at wt =; v, =0, vg =0 and voltage v, appears as reverse bias across diode 
D as shown. At B, voltage up across diode jumps from zero to V,, sin B where B >. Here 
B= is also the conduction angle of the diode. 

Average value of output voltage, 


Te fhe: 
v==), V,, sin wt - d(wt) 


V, 
“on (1—cos B) «-(3.42) 
Average value of load or output current 
Vv, Y, 
I= = gap t- 098 B) ...(3.43) 
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A general expression for output current i, for 0 < wt < B can be obtained as under : 
When diode is conducting, KVL for the circuit of Fig. 3.16 (a) gives 


. 7 dio : 
Rint L 7 =V,, sin ot 


The load, or output, current i, consists of two components, one steady state component 
i, and the other transient component i,. Here i, is given by 


: Vino. (wt -9) 

i= sm baal 

VR? x? 

where ¢ = tan”! x and X= «lL. Here 4 is the angle by which rms current J, lags V,. 
The transient component i, can be obtained fiom force-free equation 
ReeE Sto 
tet a = 
R, 

Its solution gives %=AeL 


Total solution for current ig is, therefore, given by 
V, R 
ig= i, +i,=F sin (ot- 0) +A eu (3.44) 
where Z= VR? +x 
Constant A can be obtained from the boundary condition at wt =0. 
At at = 0, or at ¢=0, ig = 0. Thus, from Eq. (3.44) 


Vat 
O=--pising+A 


Aas 
=3 sind 
Substitution of A in Eq. (3.44) gives 


Vin zg, 

ig= [sin (ot - 6) + sing: e7 | (3.45) 
forOsa@t<B 

It is also seen from the waveform of iy in Fig. 3.16 (b) that when wf = B, tp = 0. With this 


condition, Eq. (3.45) gives 
ain (B ~4)+ sing-exp| — J p]-0 


The solution of this transcendental equation can give the value of extinction angle 8. 


() RL load with freewheeling diode : Performance of single-phase one-pulse diode 
rectifier with RL load can be improved by connecting a freewheeling diode across the load as 
shown in Fig. 3.17 (a). Output voltage is vy=u, for O< wl <x. At of =x, source voltage v, is 
zero. but output current ip is not zero because of L in the load circuit. Just afler wt =n, as 
v, tends to reverse, negative polarity of v, reaches cathode of FD through conducting diode 
D, whereas positive polarity of v, reaches anode of FD direct. Freewheeling (or flywheel) diode 
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FD, therefore, gets forward-biased. As a result, load current i, is immediately transferred 
from D to FD as », tends to reverse. After wt = 7, diode current i,=0 and it is subjected to 
reverse voltage with PIV equal to V,,. 


Us=Vmsinwt 


(a) 


b 
Fig. 3.17. Single-phase one-pulse diode rectifier with RL load and oetoslibe diode 
(a) circuit diagram and (6) waveforms. 

After w= 1, current freewheels through circuit RL and FD. The energy stored in L is 
now dissipated in R. When energy stored in L = energy dissipated in R, current falls to zero 
at wt = B < 2m. Depending upon the value of R and L, the current may not fall to zero even 
when at = 2n, this is called continuous conduction. But in Fig. 3.17 (6), load current decays 
to zero before wt = 2n; load current is therefore discontinuous. 

The effects of using freewheeling diode are as under : 

(i) It prevents the output (or load)-voltage from becoming negative. 
(ii) As the energy stored in L is transferred to load R through FD, the system efficiency 
is improved. 
(iii) The load current waveform is more smooth, the load performance is therefore 
improved. 
The waveforms for v,, Vo, ig, Up, i, and iy are drawn in Fig. 3.17 (6). 
The expression for the load current ip can be obtained from Art. 6.1.2 if required. It is 


seen from Fig. 3.17 (6) that 


V, 
average output voltage, Vo= = i V,, sin wt d(wt) = oa (3.46) 
V, 
and average load current, i= oR 3.47) 


(g) Single-phase full-wave diode rectifier : There are two types of full-wave diode 
rectifiers, one is centre-tapped (or mid-point) full-wave diode rectifier and the other is 
full-wave diode bridge rectifier. These are now described briefly. 


1 abedizie 
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(i) Single-phase full-wave mid-point diode rectifier : Fig. 3.18 (c) illustrates a 
single-phase full-wave mid-point rectifier using diodes. The turns ratio from each secondary 
to primary is taken as unity for simplicity. When ‘a’ is positive with respect to ‘6’; diode D1 
conducts for n radians. In the next half cycle, ‘b’ is positive with respect to ‘a’ and therefore 


Yn? 


ny 3.18.Single-phase full-wave mid-point diode velit 
(a) circuit diagram and (6) waveforms. 
diode D2 conducts. The output voltage is shown as vg in Fig. 3.18 (b). The waveform for output 
current ig (not shown in the figure) is similar to vg waveform. When ‘a’ is positive with respect 
to ‘b’, diode D2 is subjected to a reverse voltage of 2u,. In the next half cycle, diode D1 
experiences a reverse voltage of 2v,. This is shown in Fig. 3.18 (6). Thus, for diodes 
D1 and D2, peak inverse voltage is 2V,,. Waveforms of Fig. 3.18 (b) show that for one cycle 
of source voltage, there are two pulses of output voltage. So single-phase full-wave diode 
rectifier can also be called single-phase two-pulse diode rectifier. 


® 2v, 
Average output voltage, Vo= i V,, sin ot d(w t)=——* «(3.48) 
neo nt 
Vo 
Average output current, n= R 
1/2 
x 
Rms value of output voltage, V,, = [: i V? sin? wt aco] 
Vin 
=e. (3.49) 
V, 
Rms value of load current, 1, = R 
Power delivered to load =V,,-1,,=h-R 
Input voltamperes =V, I 
V,,-f, 
.. Input pf= v. Tl =1 
tor 
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(ii) Single-phase full-wave diode bridge rectifier : A single-phase full-wave bridge 
rectifier employing diodes is shown in Fig. 3.19 (a). When ‘a’ is positive with respect to ‘b’, 
diodes D1, D2 conducr together so that output voltage is v,y. Each of the diodes D3 and D4 
is subjected to a reverse voltage of v, as shown in Fig. 3.19 (6), When ‘8’ is positive with 
respect to ‘a’, diodes D3, D4 conduct together and output voltage is v,,. Each of the two diodes 
D1 and D2 experience a reverse voltage of v, as shown. 


| i | 
{ 
| 


Uy Vab Uba Vab 
! WN 
o 
bay DID2-*+ D3D4 t+ DID2-—F-D3D444 
2 — 
XY, J } reat 
! i \ 
i | 


Yo3, x an an on 
Vou 
-Vm wt 


(a) (6) 
Fig. 3.19. Single-phase full-wave diode brdidge rectifier (a) circuit diagram and (6) waveforms. 


A comparison of Figs. 3.18 (6) and 3.19 (6) reveals that a diode in mid-point full-wave 
rectifier is subjected to PIV of 2V,, whereas a diode in full-wave bridge rectifier has PIV of 


V,, only. 


Three-phase bridge rectifiers using diodes are discussed in Chapter 5. Example 3.7 is 
formulated to illustrate the effect of reverse recovery time on the average output voltage. 


Example 3.7. In a single-phase full-wave diode bridge rectifier, the diodes have a reverse 
recovery time of 40 us. For an ac input voltage of 230 V, determine the effect of reverse recovery 
time on the average output voltage for a supply frequency of (a) 50 Hz and (b) 2.5 kHz. 


Solution. Single-phase full-wave diode 
bridge rectifier is shown in Fig. 3.19 (a) and 
output voltage ug is shown in Fig. 3.19 (6). If 
reverse recovery time is taken into 
consideration, the diodes D1 and D2 will not be 
off at wt = x in Fig. 3.19 (6), but will continue 


to conduct until ¢= <= +#,, as depicted in Fig. 


3.20. The reduction in output voltage is given Fig. 3.20. Effect of reverse recovery time 
by the cross-hatched area. Average value of on 

2 eae iace output voltage. 
this reduction in output voltage is given by 


if’, |. 
4) V,, sin wt d (wt) 
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Vin 
=—2 (1 - cos w,,) (3.50) 


With zero reverse recovery time, average output voltage, from Eq. (3.48), is 
Vp = 22 280 - 207.04 
o= t = ave. 


(2) For f= 50 Hz and ¢,,= 40s, the reduction in the average output voltage, from Eq. 
(3.50), is 


V, 
V,=—@ (1- cos 2n ft.) 


= P2201 cose x80 40x10 12) 


=8.174mV 
Percentage reduction in average output voltage 


3 
7 S140 x 100 = 3.948 x 10°°% 


(6) For f= 2500 Hz, the reduction in the average output voltage, from Eq. (3.50), is 
y,= 2x20 1 ~cos 2 26003 40102) 


€ t ss 
=19.77V 


Percentage reduction in average output voltage = wt 4 x 100 = 9.594%. 


It is seen from above that the effect of reverse recovery time is negligible for diode 
operation at 50 Hz, but for high-frequency operation of diodes, the effect is noticeable. 


Example 3.8. A single-phase full bridge diode rectifier is supplied from 230 V, 50 Hz 
source. The load consists of R= 10 Q and a large inductance so.as to render the load current 
constant. Determine 

(a) average values of output voltage and output current, 

(b) average and rms values of diode currents, 

(c) rms values of output and input currents, and supply pf 

Solution. The circuit diagram and relevant waveforms for this uncontrolled rectifier are 
shown in Fig. 3.21. 

(a) Average value of output voltage, 

2V,, _ 2V2 x 230 


Vea SOT OE 
Average value of output current, 
Vo _ 207.04 
Tg= y= 9 = 20-104. A 


| Inv? BS Beg = 10.3524 


Ign f 
Rms value of diode current, Ip, = V 7 “7 204 = 14.642 A 
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to, ig 


(a) (6) 
Fig. 3.21. Pertaining to Example 3.8 (a) circuit diagram and (b) waveforms. 


As load, or output, current is ripple free, rms value of output current 
= average value of output current = J, = 20.704 A 


Ign 
Rms value of source current, J, = Vi =I)= 20.704 A 


Load power = Vo Ip = 207.04 x 20.704 W 
Input power =V, I, cos > 

230 x 20.704 x cos = 207.04 x 20.704 
«. Supply pf = cos ¢= anos = 0.90 lagging. 


Example 3.9. A diode whose internal resistance is 20 Q is to supply power to a 10002 
load from a 230 V (rms) source of supply. Calculate (a) the peak load current (b) the de load 
current (c) the de diode voltage (d) the percentage regulation from no load to given load. 


(LA.S., 1983) 


Solution. A voltage of 230 V supplying power to 1000 Q, through a single diode, is shown 
in Fig. 3.22 (a). Waveforms for the source voltage, load current ig and diode voltage vp are 
shown in Fig, 3.22 (8). 

(a) It is seen from the waveform of ig that peak load current J,,, is given by 

P sani = 0.3189 A 
om"R+Ry 1020 


Here R = load resistance and Rp = internal resistance of diode. 


GeatiSinos 
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{a) (5) 
Fig. 3.22. Pertaining to Example 3.9 (a) circuit diagram and (b) waveforms. 


n 
(b) DC load current, Ihb= = j, Tom, Sin oot d(wt) 


Bs 
=~“™=0.10151A 
n 


x 
(c) DC diode voltage, Vp =IpRp- x J, 2302 sin a due) 
Vy, 
=Iy Rp ~~ = 0.10151 20 - 2302 101.5V 
oa 

(d) At no load, load voltage, Vi, =—2= exe = 103.521 V 
At given load, load voltage, V),= 2502 x ange = 101.491 V 
‘ : Von — Vor 103.521 — 101.491 
«. Voltage regulation =v x 100= 103.521 = 1.961%. 


on 


3.6. ZENER DIODES 


Zener diodes are specially constructed to have accurate and stable reverse breakdown 
voltage. 


Circuit symbol for Zener diode is shown in Fig. 3.23 (a). When it is forward biased, it 
behaves as a normal diode. When reverse biased, a small leakage current flows. If the reverse 
voltage across Zener diode is increased, a value of voltage is reached at which reverse 
breakdown occurs. This is indicated by a sudden increase of Zener current, Fig. 3.23 (6). The 
voltage after reverse breakdown remains practically constant over a wide range of Zener 
current. This makes it suitable for use as a voltage regulator to furnish constant voltage from 
a source whose voltage may vary noticeably. 


For the operation of Zener diode as a voltage regulator, (i) it must be reverse biased with 
a voltage greater than its breakdown, or Zener, voltage and (ii) a series resistor R,, Fig. 3.23 


(c) is necessary to limit the reverse current through the diode below its rated value. 
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+1 
Cathode 
Breakdown | 
voltage 
/ | 
f 
Zener 
Anode voltage I 
(a) (b) (c) 


Fig. 3.23. Zener diode (a) circuit symbol (6) V-I characteristics 
(c) use as a voltage regulator. 


If V,,= voltage across Zener diode, then it is seen from Fig. 3.23 (c) that source current 


V, 
Load, or output, current, Ip = R where R = load resistance. Current through Zener diode, 


I, =1,-Ip 
Power rating of a Zener diode is Vz - Iz. These are available in a voltage range from few 
volts to about 280 V. 
Example 3.10. Design a Zener voltage regulator, shown in Fig. 3.24, to meet the following 
specifications : 
Load voltage = 6.8 V, Source voltage V, is 20 V + 20% and load current is 30 mA + 50%. 
The Zener requires a minimum current of 1 mA to breakdown. The diode D has @ forward 
voltage drop of 0.6 V. 
Solution. When source voltage is maximum and load current is minimum, then source 
resistance should be maximum. ‘ 
Vi. max = Vi + Ux. min +E) Re. max 
20 x 0.8) - 6.8 
Ry min = oO) = 88 — = 1075.0 
o:min™” [80 x 0.54 1) x 10-* 
Similarly, 
Vy. min = Vi + Ur, max +12) Re. min 
(20 x 0.8) ~ 6.8 =20 
ike} 
«min 130 x 1.54 1) x 10° 
Maximum load resistance, 


Vz, 68 
Ry mae = = = 4B 
L mas Tn, 80x05x108 
Minimum load resistance, Ry . min eel -—_—_88 ___. =1515Q 


I,m 30x1.5x10°° 
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The voltage rating or the Zener diode is 

6.8-0.6=6.2V. 

Example 3.11. The complete circuit shown in Fig. 3.25 (a) represents a 25 V dc voltmeter 
where G is a PMMC galvanometer having full-scale deflection current Ing = 200 micro-A and 
resistance Rg = 500 ohms, and D is a 20-V Zener diode. Find R, and R,. What is the function 
of the diode D in this circuit ? (GATE, 1990) 

Solution. Current through galvanometer, 

pyre Zener voltage 
fd 1 Ra + Rg 
20 


7” -6 
or B, +500 00 200 x 10 


20 x 108 
or Ry = 399 7 500= 99.5 k 2 


Ry Ry 


Rg=500.0 


(a) (6) 
Fig. 3.25. Pertaining to Example 3.11. 


As Zener diode current is not specified, let it be assumed zero. 
I,-1,=1,=0 or 1,=1,=200pA 


Also he re 20 _ 200 x 10"* 
i. 
6 
or R, = 240-25 kn 


Function of Zener diode is to provide a constant voltage to the galvanometer circuit. 
Whenever voltage across this diode exceeds 20 V, it conducts and the excess current is shunted 
away from galvanometer G. So here diode D prevents overloading of the PMMC galvanometer. 


PROBLEMS 


3.1. Capacitor in the circuit of Fig. 3.2 (c) is initially charged with (a) Vo volts and (b) ~ Vo volts. 
For both these parts, determine the expressions for current in the circuit and voltage across capacitor. 
Sketch the waveforms for current as well as capacitor voltage. 

What is the final value of voltage across capacitor in each case ? 


V.- Vi 
[ans (a) BME, Vo + (Ve Vo) (1-2 VP), Vy 


V,+ Vi & 
(b) ee, = Vp +(V,+Vo) (1-e7 FS), v, 
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3.2. A diode is connected in series with LC circuit. If this cirevit is switched on to de source of 
voltage V, at t= 6, derive expressions far current through and voltage across capacitor. The capacitor 
is initially charged to a voltage of ~ Vp. Sketch waveforms for :, eo. uy and up, 

Tn case this circuit has V, = 236 ¥, Vo =50V, L=0.2mH and C= 10 uF, determine the diode con- 
duction time, diode peak current and final steady state voltage across the capacitor and diode. 


; 
[Ans ig) = (V, + vor L 


~Vo, 44.728, 62.614 510 V, ~ 280 V1 


in Wat, ve (t) = (V,+Vo) (1 ~ cos Mo t) 


3.3. (a) For the circuit shown in Fig. 3.4 (a), the circuit is initially relaxed. If switch S$ is closed at 
¢=0, sketch the variations of i, tz, Ue and up as a function of time. Derive the expressions describing 
these functions. 

(6) For part (a), V,=220V, L=4mH, C=5 uF. Find the diode conduction time and peak diode 
current. Determine also uc, vy and vp after diode stops conducting. 

{Ans. (6) 0.444 ms, 7.778 A, 440 V, 0, -- 220 V} 

3.4. For the circuit shown in Fig. 3.5 (a) ; Vo = 230V, R=25Qand C = 10uF. If switch S is closed 


at t=0, determine expressions for the current in the circuit and voltage across capacitor C. Find the 
peak value of diode current and energy lost in the circuit. 


Derive the expressions used. (Ans. 9.2 e749" _ 239 64008 994 9 2645 watt-sec] 


3.5. In the circuit shown in Fig. 3.26, switch S is open and a current of 20 Ais flowing through the 
freewheeling diode, R and L. If switch S is closed at t= 0, determine the expression for the current, 
through the switch. 


[Ans ig) = 22~ 2 7 1000 


6 
Fig. 3.26. Pertaining to Prob. 3.5. 
3.6, (a) Describe how the energy trapped in an inductor can be recovered and returned to the source. 
(b) A 230 V, 1 kW heater, fed through single-phase half-wave diode rectifier, has rated voltage at 
its terminals. Find the ac input voltage. Find also PIV of diode and peak-diode current. 
[Ans, (5) 325.32 V, 460 V, 8.696 AJ 
PMMC 
3.7. (a) In the circuit shown in Fig. 3.27, a PMMC 
ammeter is placed in series with diode and a PMMC 
voltmeter across the diode. Take PMMC instruments ideal. 
Find the readings on these instruments. Derive the expres- 
sions used for obtaining these readings. 
(6) If PMMC ammeter is replaced by MI ammeter, find 
its reading. 
{Ans. 10.352, 0 V, 12.6812 A] 


PMMC 
Fig. 3.27. Pertaining to Prob. 3.7. 
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3.8. (a) In the circuit of Fig. 3.28, ideal PMMC 
voltmeters are placed, one across capacitor and another 
across diode as shown. Find the voltmeter readings. Obtain 
the expressions used for determining these readings. 

(b) In case PMMC voltmeter 2 is replaced by MI 
voltmeter, find its reading. 

3.9. A battery is charged by a single-phase half-wave 
diode rectifier. The supply is 30 V, 50 Hz and the battery 
emf is constant at 6 V. Find the resistance to be inserted in Fig. 3.28. Pertaining to P: ‘ 

. 3.28. . 3.8. 
series with the battery to limit the charging current to 4 A. 6 ertaining me 
Take a voltage drop of 1 V across diode. Derive the expression used. 


Draw waveform of voltage across diode and find its PIV. 


[ans ste [2V>, cos 0; ~ (B+ 1) (7 20,)), 2.54580, 48.42 v| 


3.10. (a) A single-phase half-wave uncontrolled rectifier is connected to RL load. Derive an expres- 
sion for the load current in terms of V,,, Z, @ etc. 

(b) For part (a), V,= 230 V at 50 Hz, R= 10Q, L=5 mH, extinction angle = 210°, Find average 
values of output voltage and output current, [Ans, (b)193.172 V, 19.3172 A} 

8.11. (a) A single-phase half-wave diode rectifier feeds power to (i) RL load and (ii) RL load with 


freewheeling diode across it. Describe the working of this rectifier for both these parts with relevant 
waveforms and bring out the differences if any. Hence point out the effect of using a freewheeling diode. 


(b) For part (a), V,=230 V at 50Hz, R=20Q, L=1 H. Find the average values of the output 

voltage and output current with and without the use of a flywheeling diode. 
[Ams. (6) With freewheeling diode : Vp = 103.52 V and Ip =5.176A 

Without freewheeling diode : Extinction angle B not known, so Vo, fo cannot be calculated ] 

3.12. (a) For the circuit shown in Fig. 3.29, the output current io is considered constant at Ip because 
of large L. Sketch the waveforms of v,, tp, Yor ip, ifg, and i,. 

(b) For the above circuit, find 

(i) average values of output voltage and output current, 


(ii) average and rms values of freewheeling diode current, 
Gii) supply pf. {Ans. (6) (i) 103.52 V, 26.76 A (ii) 13.38 A, 18.925 A (iii) 0.6364 lag) 


Fig. 3.29. Pertaining to Prob. 3.12. Fig. 3.30. Pertaining to Prob. 3.13. 
3.13. For the circuit shown in Fig. 3.30, V, = 160 V, V,=40 V and zener diode current varies from 
4 to 40 mA. Find the minimum and maximum values of R; so as to allow voltage regulation for output 
current Ip = zero to its maximum value I,,. Also caiculate [o,,- fAns. 3k Q, 30k Q, 36 mA] 


Thyristors 


As stated before, Bell Laboratories were the first to fabricate a silicon-based 
semiconductor device called thyristor. Its first prototype was introduced by GEC (USA) in 


The object of this chapter is to discuss the thyristor characteristics and other Telated 
topics useful for their industrial applications. 


4.1. TERMINAL CHARACTERISTICS OF THYRISTORS 


Thyristor is a four layer, three-junction, p-n-p-n semiconductor switching device. It has 
three terminals ; anode, cathode and gate. Fig. 4.1 (a) gives constructional details of a typical 
thyristor. Basically, a thyristor consists of four layers of alternate p-type and n-type silicon 
semiconductors forming three junctions J, Jz and Jy as shown in Fig. 4.1 (a). The threaded 
portion is for the purpose of tightening the thyristor to the frame or heat sink with the help 
of a nut. Gate terminal is usually kept near the cathode terminal Fig. 4.1 (a). Schematic 
diagram and circuit symbol for a thyristor are shown respectively in Figs. 4.1 (5) and (c). The 
terminal connected to outer p region is called anode (A), the terminal connected to outer n 
region is called cathode and that connected to inner P region is called the gate (G). For large 
current applications, thyristors need better cooling ; this is achieved to a great extent by 


pits 
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mounting them onto heat sinks. SCR rating has improved considerably since its introduction 
in 1957. Now SCRs of voltage rating 10 kV and an rms current rating of 3000 A with 
corresponding power-handling capacity of 30 MW are available. Such a high power thyristor 
can be switched on by a low voltage supply of about 1 Aand 10 W and this gives us an idea 
of the immense power amplification capability (= 3 x 10°) of this device. As SCRs are solid 
state devices, they are compact, possess high reliability and have low loss. Because of these 
useful features, SCR is almost universally employed these days for all high power-controlled 
devices. 


Threaded FE==] Anode 

stud [==] (Aluminium) Anode A A 
Eee 

Gate terminal 

welded to p 

region O 
Cathode K K 

(b) () 


C 

Fig. 4.1. (a) ee details (b) Schematic diagram and (c) circuit symbol of a thyristor. 

‘An SCR is so called because silicon is used for its construction and its operation as a 
rectifier (very low resistance in the forward conduction and very high resistance in the reverse 
direction) can be controlled. Like the diode, an SCR is an unidirectional device that blocks 
the current flow from cathode to anode. Unlike the diode, a thyristor also blocks the current 
flow from anode to cathode until it is triggered into conduction by a proper gate signal between 
gate and cathode terminals. 

For engineering applications of thyristors, their terminal characteristics must be known. 
In this article, their static V-I characteristics, dynamic characteristics during turn-on and 
turn-off processes and their gate characteristics are discussed. 


4.1.1. Static V-I Characteristics of a Thyristor 

An elementary circuit diagram for obtaining static V-I characteristics of a thyristor is 
shown in Fig. 4.2 (a). The anode and cathode are connected to main source through the load. 
The gate and cathode are fed from a source E, which provides positive gate current from gate 
to cathode. 

Fig. 4.2 (b) shows static V- characteristics of a thyristor. Here V, is the anode voltage 
across thyristor terminals A, K and J, is the anode current. Typical SCR V-I characteristic 
shown in Fig. 4.2 (b) reveals that a thyristor has three basic modes of operation ; namely, 
reverse blocking mode, forward blocking (off-state) mode and forward conduction (on-state) 
mode. These three modes of operation are now discussed below : 

Reverse Blocking Mode. When cathode is made positive with respect to anode with 
switch S open, Fig. 4.2 (a), thyristor is reverse biased as shown in Fig. 4.3 (a). Junctions 
J,, Jy are seen to be reverse biased whereas junction J, is forward biased. The device behaves 
as if two diodes are connected in series with reverse vo}tage applied across them. A small 
leakage current of the order of a few milliamperes (or a few microamperes depending upon 
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+l Forward conduction 
(on state) 
Ampi 
Latching current 
/ Holding current 
+ | —_ te Reverse teaxaae J, / : 
current 1g3>Ig2>Igt 


| 5 ¥ pret 
4 4 y Forward Forward leakage 


G }---- : 
E Reverse blocking current 
| | blocking 
} Vgo=Forward breakover voltage 
E. H Var= Reverse breakover voltage 
Ig= Gate current 
——— K bag Toy 
(a) (b) 


Fig. 4.2. (2) Elementary circuit for obtaining thyristor V-I characteristics 
(6) Static V-I characteristics of a thyristor. 


the SCR rating) flows. This is reverse blocking A A 
mode, called the off-state, of the thyristor. If the _9 rorwar d fe) 
reverse voltage is increased, then at a critical re 
breakdown level, called reverse breakdown voltage 

Var, an avalanche occurs at J; andJ3 and the 

reverse current increases rapidly. A large current 4 

associated with Vgp gives rise to more losses in the Je 

SCR. This may lead to thyristor damage as the ere | P| ) ae 

junction temperature may exceed its permissible Ln | 3 

temperature rise. It should, therefore, be ensured 

that maximum working reverse voltage across a es feskaree 

thyristor does not exceed Vgp. When reverse voltage +d current 

applied across a thyristor is less than Vgz, the device K 

offers a high impedance in the reverse direction. The (a) (b) 

SCR in the reverse blocking mode may therefore be Fig. 4.3. (a) Ja forward biased and J,,J3 
treated as an open switch. reverse biased (b) J reverse biased and 


Note that V-I characteristic after avalanche di, Ja forward biased. 
breakdown during reverse blocking mode is applicable only when load resistance is zero, Fig. 
4.2 (b). In case load resistance is present, a large anode current associated with avalanche 
breakdown at Vp would cause substantial voltage drop across load and as a result, V-I 


characteristic in third quadrant would bend to the right of vertical line drawn at Vgp. 


Forward Blocking Mode : When anode is positive with respect to the cathode, with 
gate circuit open, thyristor is said to be forward biased as shown in Fig. 4.3 (b). It is seen 
from this figure that junctions J,, J, are forward biased but junction J, is reverse biased. In 
this mode, a small current, called forward leakage current, flows as shown in Figs. 4.2 (6) 
and 4.3 (6). In case the forward voltage is increased, then the reverse biased junction J, will 


ja 
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have an avalanche breakdown at a voltage called forward breakover voltage Vgo. When 
forward voltage is less than Vgo, SCR offers a high impedance. Therefore, a thyristor can be 
treated as an open switch even in the forward blocking mode. 

Forward Conduction Mode : In this mode, thyristor conducts currents from anode to 
cathode with a very smal] voltage drop across it. A thyristor is brought from forward blocking 
mode to forward conduction mode by turning it on by exceeding the forward breakover voltage 
or by applying a gate pulse between gate and cathode. In this mode, thyristor is in on-state 
and behaves like a closed switch. Voltage drop across thyristor in the on state is of the order 
of 1 to 2 V depending on the rating of SCR. It may be seen from Fig. 4.2 () that this voltage 
drop increases slightly with an increase in anode current. In conduction mode, anode current 
is limited by load impedance alone as voltage drop across SCR is quite small. This small 
voltage drop uy across the device is due to ohmic drop in the four layers. 


4.2. THYRISTOR TURN-ON METHODS 

With anode positive with respect to cathode, a thyristor can be turned on by any one of 
the following techniques : 

(a) Forward voltage triggering (6) gate triggering 

(c) du/dt triggering (d) Temperature triggering 

(e) Light triggering. 

These methods of turning-on a thyristor are now discussed one after the other. 

(a) Forward Voltage Triggering : When anode to cathode forward voltage is increased with 
gate circuit open, the reverse biased junction J, will break. This is known as avalanche 
breakdown and the voltage at which avalanche occurs is called forward breakover voltage 
Vo. At this voltage, thyristor changes from off-state (high voltage with low leakage current) 
to on-state characterised by low voltage across thyristor with large forward current. As other 
junctions J,, J; are already forward biased, breakdown of junction J. allows free movement 
of carriers across three junctions and as a result, large forward anode-current flows. As stated 
before, this forward current is limited by the load impedance. In practice, the transition from 
off-state to on-state obtained by exceeding Vgo is never employed as it may destroy the device. 


The magnitudes of forward and reverse breakover voltages are nearly the same and both 
are temperature dependent. In practice, it is found that Vgp is slightly more than Vo. 
Therefore, forward breakover voltage is taken as the final voltage rating of the device during 
the design of SCR applications. 

After the avalanche breakdown, junction J, looses its reverse blocking capability. 
Therefore, if the anode voltage is reduced below Vgo, SCR will continue conduction of the 
current. The SCR can now be turned off only by reducing the anode current below a certain 
value called holding current (defined later). 

(b) Gate Triggering : Turning on of thyristors by gate triggering is simple, reliable and 
efficient, it is therefore the most usual method of firing the forward biased SCRs. A thyristor 
with forward breakover voltage (say 800 V) higher than the normal working voltage (say 400 
V) is chosen. This means that thyristor will remain in forward blocking s:ate with normal 
working voltage across anode and cathode and with gate open. However, when turn-on of a 
thyristor is required, a positive gate voltage between gate and cathode is applied. With gate 
current thus established, charges are injected into the inner p layer and voltage at which 
forward breakover occurs is reduced. The forward voltage at which the device switches to 
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4 
Vo current. Higher the gate current, lower is the 
- forward breakover voltage. 
FG BO When positive gate current is applied, 


gate P layer is flooded with electrons from the 
cathode. This is because cathode N layer is 
heavily doped as compared to gate P layer. As 
the thyristor is forward biased, some of these 


Forward Breakover Voltage > 


i 

i 
LY — > 4 , electrons reach junction J,. As a result, width 
A ' of depletion layer around junction J, is 
ame ia ae reduced. This causes the junction J, to 
' ; i breakdown at an applied voltage lower than 
fash sit Pa forward breakover voltage Vag. If magnitude 
0 a Ig: Ig2 3g3 of gate current is increased, more electrons 
Gate Current —> will reach junction Jo, as a consequence 
Fig. 4.4. Variation of forward breakover thyristor will get turned on at a much lower 

voltage with gate current. forward applied voltage. 


Fig. 4.2 (6) shows that for gate current J, = 0, forward breakover voltage is Vgo. For I,1, 
forward breakover voltage, or turn-on voltage is less than Vgo, For I, > I,, forward breakover 
voltage is still further reduced. The effect of gate current on the forward breakover voltage 
of a thyristor can also be illustrated by means of a curve as shown in Fig. 4.4. For I, < oa, 
forward breakover voltage remains almost constant at Vgo. For gate currents 
T,1, Ig and I,g, the values of forward breakover voltages are ox, oy and oz, respectively as 
shown. In Fig. 4.2 (6), the curve marked J, =0 is actually for gate current less than oa. In 
practice, the magnitude of gate current is more than the minimum gate current required to 
turn on the SCR. Typical gate current magnitudes are of the order of 20 to 200 mA. 

Once the SCR is conducting a forward current, reverse biased junction J, no longer exists. 
As such, no gate current is required for the device to remain in on-state. Therefore, if the 
gate current is removed, the conduction of current from anode to cathode remains unaffected. 
However, if gate current is reduced to zero before the rising anode current attains a value, 
called the latching current, the thyristor will turn-off again. The gate pulse width should 
therefore be judiciously chosen to ensure that anode current rises above the latching current. 
Thus latching current may be defined as the minimum value of anode current which it must 
attain during turn-on process to maintain conduction when gate signal is removed. 

Once the thyristor is conducting, gate loses control. The thyristor can be turned-off (or 
the thyristor can be returned to forward blocking state) only if the forward current falls below 
a low-level current called the holding current. Thus holding current may be defined as the 
minimum value of anode current below which it must fall for turning-off the thyristor. The 
latching current is higher than the holding current. Note that latching current is associated 
with turn-on process and holding current with turn-off process. It is usual to take latching 
current as two to three times the holding current [1]. In industrial applications, holding 
current (typically 10 mA) is almost taken as zero. 


(c) a Triggering : This method is discussed further in Art. 4.3. 


(d) Temperature Triggering : During forward blocking, most of the applied voltage appears 
across reverse biased junction Jj. This voltage across junction J, associated with leakage 


on-state depends upon the magnitude of gate . 


| 


pe: 
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current may raise the temperature of this junction. With increase in temperature, leakage 
current through junction J, further increases. This cumulative process may turn on the SCR 
at some high temperature. 

(e) Light Triggering. For light-triggered SCRs, a recess (or niche) is made in the inner 
p-layer as shown in Fig. 4.5 (a). When this recess is irradiated, free charge carriers (holes 
and electrons) are generated just like when gate signal is applied between gate and cathode. 
The pulse of light of appropriate wavelength is guided by optical fibres for irradiation. If the 
intensity of this light thrown on the recess exceeds a certain value, forward-biased SCR is 
tufned on. Such a thyristor is known as light-activated SCR (LASCR). 

LASCR may be triggered with a light source or with a gate signal. Sometimes a 
combination of both light source and gate signal is used to trigger an SCR. For this, the gate 
is biased with voltage or current slightly less than that required to turn it on, now a beam 
of light directed at the inner p-layer junction turns on the SCR. The light intensity required 
to turn-on the SCR depends upon the voltage bias given to the gate. Higher the voltage (or 
current) bias, lower the light intensity required. 

Light-triggered thyristors have now been used in high-voltage direct current (HVDC) 
transmission systems. In these several SCRs are connected in series-parallel combination 
and their light-triggering has the advantage of electrical isolation between power and control 
circuits. 

Example 4.1. Discuss what would happen if gate is made positive with respect to cathode 
during the reverse blocking of a thyristor. 

Solution. Before answering this question, it is worthwhile to know a little more about 
the internal details of a thyristor. 

Fig. 4.5 (b) shows cross-section of a conventional centre-gate thyristor. In this figure, 
approximate doping densities in number per cubic centimeter are also indicated for all the 


four layers. For example, for p, layer, the doping density is 10'° per cm’, 


ny(n7) 10" to 5x10%cm9 


10°77? 


fe) fe) 
Cathode Gate 
(a) {) 
Fig. 4.5. (2) Elementary LASCR (6) Structural details of conventional centre-gate thyristor. 
For semiconductor devices, it should be kept in mind that 
(Z) junction with lightly doped layers (at least on one side of the junction) requires large 
breakdown voltage, 
Gi) junction with highly doped layers on both sides requires low breakdown voltage. 
When thyristor is in forward blocking state, junctions J,, J; are forward biased whereas 
junction J, is reverse biased. As layer n is lightly doped around junction J2, depletion region 
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of junction J, extends mainly into n, layer. Therefore, n, layer is made to have larger width 
to withstand the high voltage during forward blocking state. 

For reverse voltage on the device ; junctions J,, dg are reverse biased and J, is forward 
biased. As layers po, ny across junction J, are heavily doped, J; has low breakdown voltage. 
Layer n, being lightly doped as compared to layer p,, junction J, has large breakdown voltage. 
As a consequence, during the reverse blocking of a thyristor, junction J, supports most of the 
reverse voltage. Even during blocking, the depletion region extends into the n, layer. This 
shows that width of layer n, absorbs most of the voltage during forward blocking mode and 
also during the reverse blocking mode of a thyristor. 

If positive gate voltage is applied between gate and cathode during the reverse blocking 
of a thyristor, blocking property of junction J; disappears as J, has low breakdown voltage. 
As a result, reverse voltage appears across junction Jj. Positive charge carriers are now 
injected into the n, layer of reverse biased junction J. This causes an increase in the reverse 
leakage current. The flow of large leakage current associated with high reverse voltage results 
in increased power loss across junction J, and heat thus generated may raise the junction 
temperature above the allowable maximum and this may destroy the SCR. Such an happening 
can be avoided if no positive gate voltage is applied between gate and cathode during the 
reverse blocking of SCR. Some manufacturers do specify the maximum positive voltage 
(usually less than 0.25 V) that can exist between gate and cathode during the reverse blocking 
of a thyristor. 

4.3. SWITCHING CHARACTERISTICS OF THYRISTORS 

Static and switching characteristics of thyristors are always taken into consideration for 
economical and reliable design of converter equipment. Static characteristics of a thyristor 
have already been examined. In this part of the section; switching, dynamic or transient, 
characteristics of thyristors are discussed. 

During turn-on and turn-off processes, a thyristor is subjected to different voltages across 
it and different currents through it. The time variations of the voltage across a thyristor and 
the current through it during turn-on and turn-off Processes give the dynamic or switching 
characteristics of a thyristor. Here, first switching characteristics during turn-on are 
described and then the switching characteristics during turn-off. 

4.3.1. Switching Characteristics during Turn-on 

A forward-biased thyristor is usually turned on by applying a Positive gate voltage 
between gate and cathode. There is, however, a transition time from forward off-state to 
forward on state. This transition time called thyristor turn-on time, is defined as the time 
during which it changes from forward blocking state to final on-state. Total turn-on time can 
be divided into three intervals ; (i) delay time tg, (ii) rise time t, and (iii) spread time ¢,, Fig. 
4.8. 

(i) Delay time tz: The delay time tz is measured from the instant at which gate current 
reaches 0.9 J, to the instant at which anode current reaches 0.12,. Here J, and, are 
respectively the final values of gate and anode currents. The delay time may also be defined 
as the time during which anode voltage falls from V, to 0.9V, where V, = initial value of anode 
voltage. Another way of defining delay time is the time during which anode current rises from 
forward leakage current to 0.1 J, where I, = final value of anode current. With the thyristor 
initially in the forward blocking state, the anode voltage is OA and anode current is small 
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leakage current as shown in Fig. 4.8. Initiation of turn-on process is indicated by a rise in 
anode current from small forward leakage current and a fall in anode-cathode voltage from 
forward blocking voltage OA. As gate current begins to flow from gate to cathode with the 
application of gate signal, the gate current has non-uniform distribution of current density 
over the cathode surface due to the p layer. Its value is much higher near the gate but 
decreases rapidly as the distance from the gate increases, see Fig. 4.6 (a). This shows that 
during delay time ¢,, anode current flows in a narrow region near the gate where gate current 
density is the highest. 

The delay time can be decreased by applying high gate current and more forward voltage 
between anode and cathode. The delay time is fraction of a microsecond. 


O®© gd 


(i) (ii) iii) 


Fig. 4.6. (a) Sutsibution of gate and anode currents jee delay time 
(6) Conducting area of cathode (i) during ty (ii) after ¢, (iii) after ty 
(ii) Rise time t, : The rise time t, is the time taken by the anode current to rise from 0.1 
I, to 0.9 I,. The rise time is also defined as the time required for the forward blocking off-state 
voltage to fall from 0.9 to 0.1 of its initial value OA. The rise time is inversely proportional 
to the magnitude of gate current and its build up rate. Thus ¢, can be reduced if high and 
steep current pulses are applied to the gate. However, the main factor determining ¢, is the 


nature of anode circuit. For example, for series RL circuit, the rate of rise of anode current 
is slow, therefore, t, is more. For RC series circuit, di/dt is high, ¢, is therefore, less. 


From the beginning of rise time ¢,, anode current starts spreading from the narrow 
conducting region near the gate. The anode current spreads at a rate of about 0.1 mm per 
microsecond [2]. As the rise time is small, the 
anode current is not able to spread over the entire 
cross-section of cathode. Fig. 4.6 (6) illustrates 
how anode current expands over cathode surface 
area during turn-on process of a thyristor. Here 
the thyristor is taken to have single gate electrode 
away from the centre of p-layer. It is seen that 
anode current conducts over a small conducting 
channel even after ¢, -this conducting channel 
area is however, greater than that during t,. t 

Fig. 4.7. Typical waveform for 
gate current. 


ig 


~ 
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During rise time, turn-on losses in the thyristor are the highest due to high anode voltage 
(V,) and large anode current (Z,) occurring together in the thyristor as shown in Fig. 4.8. As 
these losses occur only, over a small conducting region, local hot spots may be formed and the 
device may be damaged. 

(iii) Spread time t, : The spread time is the time taken by the anode current to nse from 
0.9 I, toI,. It is also defined as the time for the forward blocking voltage to fall from 0.1 of 
its value to the on-state voltage drop (1 to 1.5 V). During this time, conduction spreads over 
the entire cross-section of the cathode of SCR. The spreading interval depends on the area 
of cathode and on gate structure of the SCR. After the spread time, anode current attains 
steady state value and the voltage drop across SCR is equal to the on-state voltage drop of 
the order of 1 to 1.5 V, Fig. 4.8. 

Total turn-on time of an SCR is equal to the sum of delay time, rise time and spread time. 
Thyristor manufacturers usually specify the rise time which is typically of the order of 1 to 
4 -sec. Total turn-on time depends upon the anode circuit parameters and the gate signal 
waveshapes. 

During turn-on, SCR may be considered to be a charge controlled device. Acertain amount 
of charge must be injected into the gate region for the thyristor conduction to begin. This 
charge is directly proportional to the value of gate current. Therefore, higher the magnitude 
of gate current, the lesser time it takes to inject this charge. The turn-on time can therefore 
be reduced by using higher values of gate currents. The magnitude of gate current is usually 
3 to 5 times the minimum gate current required to trigger an SCR. 

When gate current is several times higher than the minimum gate current required, a 
thyristor is said to be hard-fired or overdriven. Hard-firing or overdriving of a thyristor 
reduces its turn-on time and enhances it di/dt capability. A typical waveform for gate current, 
that is widely used, is shown in Fig. 4.7. This waveform has higher initial value of gate current 
with a very fast rise time. The initial high value of gate current is then reduced to a lower 
value where it stays for several microseconds in order to avoid unwanted turn-off of the device. 

4.3.2. Switching Characteristics during Turn-off 

Thyristor turn-off means that it has changed from on to off state and is capable of blocking 
the forward voltage. This dynamic process of the SCR from conduction state to forward 
blocking state is called commutation process or turn-off process. 

Once the thyristor is on, gate loses control. The SCR can be turned off by reducing the 
anode current below holding current’. If forward voltage is applied to the SCR at the moment 
its anode current falls to zero, the device will not be able to block this forward voltage as the 
carriers (holes and electrons) in the four layers are still favourable for conduction. The device 


will therefore go into conduction immediately even though gate signal is not applied. In order 
to obviate such an occurrence, it is essential that the thyristor is reverse biased for a finite 


period after the anode current has reached zero. 

The turn-off time ¢, of a thyristor is defined as the time between the instant anode current 
becomes zero and the instant SCR regains forward blocking capability. During time ¢,, all the 
excess carriers from the four layers of SCR must be removed. This removal of excess carriers 
consists of sweeping out of holes from outer p-layer and electrons from outer n-layer. The 
carriers around junction J, can be removed only by recombination. The turn-off time is divided 
into two intervals ; reverse recovery time ¢,, and the gate recovery time #,,; i.e. t, =t,,+ ty, 


* This can be achieved through natural commutation or forced commutation. 
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Fig. 4.8. Thyristor voltage and current waveforms during turn-on and turn-off processes.. 
The thyristor characteristics during turn-on and turn-off processes are shown in one Fig. 4.8 
so as to gain insight into these processes. 

At instant ,, anode current becomes zero. After ¢, anode current builds up in the reverse 
direction with the same di/d¢ slope as before t;. The reason for the reversal of anode current 
after f, is due to the presence of carriers stored in the four layers. The reverse recovery current 
removes excess carriers from the end junctions J, and J, between the instants ¢, and ¢3. In 
other words, reverse recovery current flows due to the sweeping out of holes from top p-layer 
and electrons from bottom n-layer. At instant t,, when about 60% of the stored charges are 
removed from the outer two layers, carrier density across J, and J, begins to decrease and 
with this reverse recovery current also starts decaying. The reverse current decay is fast in 
the beginning but gradual thereafter. The fast decay of recovery current causes a reverse 
voltage across the device due to the circuit inductance. This reverse voltage surge appears 
across the thyristor terminals and may therefore damage it. In practice, this is avoided by 
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using protective RC elements across SCR. At instant tz, when reverse recovery current has 
fallen to nearly zero value, end junctions J, and J; recover and SCR is able to block the reverse 
voltage. For a thyristor, reverse recovery phenomenon between f, and é; is similar to that of 


a rectifier diode. 

At the end of reverse recovery period (¢, —¢,), the middle junction J, still has trapped 
charges, therefore, the thyristor is not able to block the forward voltage at t,; The trapped 
charges around Jo, i.e. in the inner two layers, cannot flow to the external circuit, therefore, 
these trapped charges must decay only by recombination. This recombination is possible if a 
reverse voltage is maintained across SCR, though the magnitude of this voltage is not 
important. The rate of recombination of charges is independent of the external circuit 
parameters. The time for the recombination of charges between ¢, and ¢, is called gate recovery 
time t,,. At instant t,, junction J, recovers and the forward voltage can be reapplied between 
anode and cathode. The thyristor turn-off time ¢, is in the range of 3 to 100 usec. The turn-off 
time is influenced by the magnitude of forward current, di/dt at the time of commutation 
and junction temperature. An increase in the magnitude of these factors increases the 
thyristor turn-off time. If the value of forward current before commutation is high, trapped 
charges around junction J, are more. The time required for their recombination is more and 
therefore turn-off time is increased. But turn-off time decreases with an increase in the 
magnitude of reverse voltage, particularly in the range of 0 to — 50 V. This is because high 
reverse voltage sucks out the carriers out of the junctions J,, J3 and the adjacent transition 
regions at a faster rate. It is evident from above that turn-off time ¢, is not a constant 


parameter of a thyristor. 

The thyristor turn-off time ¢, is applicable to an individual SCR. In actual practice, 
thyristor (or thyristors) form a part of the power circuit. The turn-off time provided to the 
thyristor by the practical circuit is called circuit turn-off time t,. It is defined as the time 
between the instant anode current becomes zero and the instant reverse voltage due to 
practical circuit reaches zero, see Fig. 4.8. Time ¢, must be greater than f, for reliable turn-off, 
otherwise the device may turn-on at an undesired instant, a process called 
commutation failure. 

Thyristors with slow turn-off time (50 - 100 psec) are called converter grade SCRs and 
those with fast turn-off time (3 - 50 sec) are called inverter-grade SCRs. Converter-grade 
SCRs are cheaper and are used where slow turn-off is possible as in phase-controlled 
rectifiers, ac voltage controllers, cycloconverters etc. Inverter-grade SCRs are costlier and are 
used in inverters, choppers and force-commutated converters. 


4.4, THYRISTOR GATE CHARACTERISTICS 

The forward gate characteristics of a thyristor are shown in Fig. 4.9 in the form of a graph 
between gate voltage and gate current. Here positive gate to cathode voltage V, and positive 
gate to cathode current J, represent dc values. As gate-cathode circuit of a thyristor is a p-n 
junction, oy characteristics of the device are similar to that of a diode. For a particular type 
of SCRs, V,-I, characteristic has a spread between two curves 1 and 2 as shown in Fig. 4.9. 
This spread: or scatter, of gate characteristics is due to difference in the low doping levels of 
pandn layers. The gate trigger circuitry must be suitably designed to take care of this 
unavoidable scatter of characteristics. In Fig. 4.9, curve 1 represents the lowest voltage values 
that must be applied to turn-on the SCR. Curve 2 gives the highest possible voltage values 
that can be safely applied to gate circuit. 
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Each thyristor has maximum limits as V,,, for gate voltage and J,,, for gate current. There 
is also rated (average) gate power dissipation P,,, specified for each SCR. These limits should 
not be exceeded in order to avoid permanent damage of junction J3, Fig. 4.3. There are also 
minimum limits for V, and J, for reliable turn-on, these are represented by oy and ox 
respectively in Fig. 4.9. As stated before, if V,, Ign and Py, are exceeded, the thyristor can 
be destroyed. This shows that preferred gate drive area for an SCR is bcdefghb as shown in 


Fig. 4.9. 


oy, ox — Minimum gate voltage and current to 


trigger an SCR. 
Vem» Lgm — Maximum permissible gate voltage 
and current. 


oa — Non-triggering gate voltage. 


Fig. 4.9. Forward gate characteristics of thyristor. 

A non-triggering gate voltage is also prescribed by the manufacturers of SCRs. This is 
indicated by oa in Fig. 4.9. If firing circuit generates positive gate signal prior to the desired 
instant of triggering the SCR, it should be ensured that this unwanted signal is less than the 
non-triggering gate voltage oa. At the same time, all spurious or noise signals should be less 
than the voltage oa. 


Trigger circuit X 


(a) (0) 
Fig. 4.10. Trigger circuit connected to gate-cathode circuit of an SCR. 


The design of the firing circuit can be carried out with the help of Figs. 4.10 and 4.11. In 
Fig. 4.10 (a) is shown a trigger circuit feeding power to gate-cathode circuit. For this circuit, 


E,=V,+1,R, .. (4.14) 
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where E,= gate source voltage 
V, = gate-cathode voltage 
I, = gate current 

and R, = gate-source resistance 


The internal resistance R, of trigger source should be such that current (E,/R,) is not 
harmful to the source as well as to the gate circuit when SCR is turned on. In case R, is low, 
an external resistance in series with R, must be connected. 


A resistance R, is also connected across gate-cathode terminals, Fig. 4.10 (b), so as to 
provide an easy path to the flow of leakage current between SCR terminals. If 
Zgmn and V,,, are the minimum gate current and gate voltage to turn-on SCR, then it is seen 


from Fig. 4.10. (6) that current through R, is Vsmn/R, and the trigger source voltage E, is 
given by 


R. 


For low-power circuits, operating point is obtained by utilizing the source V-I 
characteristic and the device VJ 
Vg characteristic. In view of this, for selecting the 
operating point for the circuit of Fig. 4.10, a 
load line of the gate source voltage E, = OA is 
drawn as AD in Fig. 4.11. Here OD = trigger 
circuit short circuit current =E,/R,. Let us 
consider a thyristor whose VI, characteristic 
is given by curve 3. Intersection of load line 
AD and V,-I, curve 3 gives the operating point 
S. Thus, for this SCR, gate voltage = PS and 
gate current =OP. In order to minimise 
j-n-- 1 turn-on time and jitter (unreliable turn-on), 
: the load line and hence the operating point 
S, which may change from S, to S,, must be as 
close to the P,,, curve as possible. At the same 
time, the operating point S must lie within the 
limit curves 1 and 2. The gradient of the load 
Fig. 4.11. Choice of gate circuit parameters. ine AD (= 0A/OD) will give the required gate 
source resistance R, The minimum value of gate source series resistance is obtained by 
drawing a line AC tangent to Pray Curve. 


V, 
E,= [oe & a + Venn ...(4,1b) 


ry 


Gate Voltage ——» ra a 


) Igm 0 ig 
Gate Current ——» 


Gate drive requirements in terms of continuous de signal can be obtained from Fig. 4.11, 
However, it is common to use a pulse to trigger a thyristor. For pulse widths beyond 
100 psec, the de data apply [1]. For pulse widths less than 100 psec, magnitudes of gate voltage 
and gate current can be increased, see Example 4.2. 


As stated before, thyristor is considered to be a charge controlled device. Thus, higher 
the magnitude of gate current pulse, lesser is the time to inject the required charge for 
turning-on the thyristor. Therefore, SCR turn-on time can be reduced by using gate current 
of higher magnitude. It should be ensured that pulse width is sufficient to allow the anode 


—~- 
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current to exceed the latching current. In practice, gate pulse width is usually taken as equal 

to, or greater than, SCR turn-on time. If 7 is the pulse width as shown in Fig. 2.10 (a), then 
T typ ; 

With pulse triggering, greater amount of gate power dissipation can be allowed ; this 

should, however, be less than the peak instantaneous gate power dissipation P,,, as specified 


by the manufacturers. Frequency of firing (or pulse width) for trigger pulses can be obtained 
by taking pulse of (i) amplitude P,,, (di) pulse width T and (dt) periodicity T,. Therefore, 


P..T 
T 2P 5 or Py Tf 2 Pray 
P 
gav 
or FT SP on +(4.2a) 
where f= x = frequency of firing, or pulse repetition rate, in Hz, 
1 
and T = pulse width in sec. 


P P. 
imiti 8a = sou 
In the limiting case, ri’ P,,, or f TP, 


(a) 


Gate current 


(b) 


Gate current 


t (c) 
Fig. 4.12. (a) Pulse gating and (6) high-frequency carrier gating of SCRs, 
(c) Thyristor protection against reverse overvoltages. 


A duty cycle 1s defined as the ratio of pulse-on period to periodic time of pulse. In Fig. 
4,12 (a), pulse-on period is T and periodic time is T,. Therefore, duty cycle 5 is given by 


T 
5= 7, 
Pray Pryav 
From Eg. (4.2a), 3 SP iy OF 5 = Pom (4,2 6) 


Sometimes the pulses of Fig. 4.12 (a) are modulated to generate a train of pulses as shown 
in Fig. 4.12 (6), This technique of firing the thyristor is called high-frequency carrier gating. 
The advantages offered by this method of firing the SCRs are lower rating, reduced 
dimensions and therefore an overall economical design of the pulse transformer needed for 
isolating the low power circuit from the main power circuit. 

For an SCR, V,,, and J,,, are specified separately. If both of these are used for pulse firing, 
then P,,, may be exceeded and the thyristor would be damaged. For example, GE-C35 
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thyristor has V,,, = 10 V and I,,,=2A. If both these limits are placed on C35, the power 
dissipation is 20 W. But this is far excess of the specified Pam = 5 W. It should be ensured that 
(pulse voltage amplitude) (pulse current amplitude) < Pan: 


There is also prescribed a peak reverse voltage (gate negative with respect to cathode) 
that can be applied across gate-cathode terminals. Any voltage signal, given by the trigger 
circuit (or by any interference), exceeding this prescribed limit of about 5 to 20 V may damage 
the gate circuit. For preventing the occurrence of such hazards, a diode is connected either 
in series with the gate circuit or across the gate-cathode terminals as shown in Fig. 4.12 (c). 
Diode across the gate-cathode terminals, called clamping diode, prevents the gate-cathode 
voltage from becoming more than about 1 V. Diode in series with gate circuit prevents the 
flow of negative gate source current from becoming more than small reverse leakage current. 


The magnitude of gate voltage and gate current for triggering an SCR is inversely 
proportional to junction temperature. Thus, at very low temperatures, gate voltage and gate 
current must have high values in order to ensure turn-on. But P,,, should not be exceeded 
in any case. 

The resistor R,, connected across gate-cathode terminals, Fig. 4.10 (5), also serves to 
bypass a part of the thermally-generated leakage current across junction J, when SCR is in 
the forward blocking mode ; this improves the thermal stability of SCR. 

Example 4.2. (a) The average gate power dissipation for an SCR is 0.5 W. The allowable 
gate voltage variation is from a minimum of 2 V to a maximum of 10 V. Taking average gate 
power dissipation constant, plot allowable gate voltage as a function of gate current. 

(0) If SCR of part (a) is triggered with gate pulses of duty cycle 0.5, find the new value of 
average gate power dissipation. 


Solution. (a) HereV,J, = 0.5 W Ng 
For V,=2V,1,=0.5/2=0.25A | 
For V,=10V, I, = 0.5/10 

= 0.05 A 


For other values of gate voltage V, in between 2 
and 10 V, gate current I, is obtained and plotted in 
Fig. 4.13 showing the variation of V, as a function of 
I, for constant P,q,, 


(6) For this example, T, = 27 in Fig. 4.12 (a) 


= = a i L 
so that 5= 0.5. For de values, VJ, = 0.5 W. 0 008 OT OS OF OS or Oe OF 08 1 
For pulse firing, Fig. 4.12 (a), the average gate Igin A—> 


power dissipation can be obtained from the relation Fig. 4.13. Pertaining to Example 4.2. 
Tr 
Ty J 0 Yelg 


where v,, i, are the instantaneous values of gate voltage and gate current. Therefore, for this 
example, average gate power dissipation is given by 
és 


1 
Ve le: ap O.5)5 = 0.25 W. 
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As this is less than the allowable P,,,, higher values of v, i, can be used for the pulse 
firing of SCRs. 
Example 4.3. For an SCR, the gate-cathode characteristic has a straight-line slope of 130. 


For trigger source voltage of 15 V and allowable gate power dissipation of 0.5 watts, compute 
the gate-source resistance. 


Solution. Here V,1,=0.5W - 
V, 
and —£ = 130 
I, 
7 130 2 = 0.5 
This gives T, = (0.5/130]*” = 0.062 = 62 mA 
.. Gate voltage, V, = 130 x 62x 10°°= 8.06 V 
For the gate circuit, E,=1, R, + V, = 0.062 R, + 8.06 = 15 
15 - 8.06 
or Ry= "Dogg = 111.942. 


Example 4.4. The trigger circuit of a thyristor has a source voltage of 15 V and the load 
line has a slope of - 120 V per ampere. The minimum gate current to turn-on the SCR is 25 
mA, Compute 

(a) source resistance required in the gate circuit, 

(b) the trigger voltage and trigger current for an average gate power dissipation of 0.4 
watts. 

Solution. (a) The slope of load line gives the requfred gate source resistance. From the 
load line, series resistance required in the gate circuit ‘is 1209. 

(b) Here V,1,=04W 

For the gate circuit, E,=RJ,+V, 

15 = 1201, +94 


I, 


or 1207 - 151,+0.4=0 
Its solution gives I, = 38.56 mA or 86.44mA 


of 86.44. 
Choose V, = 4.627 V and I, = 86.44 mA for minimum gate current of 25 mA. 
Example 4.5. For an SCR, gate-cathode characteristic is given by V,=1+101,. Gate 


source voltage is a rectangular pulse of 15 V with 20 p sec duration. For an average gate power 
dissipation of 0.3 W and a peak gate drive power of 5 W, compute 


(a) the resistance to be connected in series with the SCR gate, 
(6) the triggering frequency and 

(ce) the duty cycle of the triggering pulse. 

Solution. (a) Here V,=1+101, 
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For pulse-triggering of SCRs, 

(Peak gate voltage) (peak gate current) during pulse-on period 
= peak gate drive power, P,,,. 

As the gate pulse width is 20 p sec (less than 100 1 sec), the dc data does not apply. Had 
the gate pulse width been more than 100 usec, the relation (1 + 10 7,) I, = 0.3 W will hold good. 
But as the de data does not apply, we have here 

(1+101,)1,=5W 


or 10% +1,-5=0 
Its solution gives, 1, = 0.659 A. 
.. Amplitude of current pulse = 0.659 A 
During the pulse-on period, E,=R,1,+V, 
or 15=R,1,+1+101, 
15-1 
R, =0.659 ~ 10= 11.2442 
iy 
(b) Pom = Tr - Here T= 20 psec 
Agee hy: _0.3x 10° | 
-. Triggering frequency, f= “5x20 7 3 kHz 
(c) Duty cycle, 8=fT =3 x 10° x 20x 10° °=0.06. 


Example 4.6. Latching current for an SCR inserted in between a de voltage source of 200 
V and the load is 100 mA. Compute the minimum width of gate-pulse current required to 
turn-on this SCR in case the load consists of (a) L = 0.2 H, (b) R= 20 Q in series with L = 0.2 
H and (c¢) R= 20 Q in series with L = 2.0 H. 


Solution. (a) When load consists of pure inductance L, the voltage equation is 


di , E 
E=L-G or di=7t or i=zt 
200 0.1 x 0.2 
0.100 = 02 t t= 200 = 100 psec 


Thus, minimum gate-pulse is 100 psec 
(b) The voltage equation for R-L load is 


_£ -2, _ 200 ~ 1004, 
or i-E(1-e L ) or 0.100 = 20 (l-e ) 
or #= 100.503 psec 


“. Minimum gate-pulse width is 100.503 psec 


R 
(c) i-B(1-e"] 
or 0.1 ="o0° {(l-e ) or £=1005.03 psec. 
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This example shows that if load resistance is increased from zero to 20 Q, the gate-pulse 
width remains almost unaffected. But with an increase in inductance from 0.2 H to 2 H, the 
gate-pulse width becomes 10 times its previous value. 

Example 4.7. The gate current of a forward biased SCR is gradually increased from zero 
until the device is turned on. It is observed that gate current, just prior to the instant of turn-on, 
is 1 mA and soon after SCR goes into conduction, gate current decays to about 0.3 mA. Discuss 
how it happens. 

Solution. When anode of an SCR is made positive with respéct to cathode, a small voltage 
E’, generated internally, appears across the gate-cathode terminals, Fig. 4.14 (a). The 
magnitude of E’, depends upon applied anode voltage and the device geometry. In the 
gate-cathode equivalent circuit of Fig. 4.14 (a), R is the static non-linear gate resistance. 

If the SCR is turned on by applying a positive gate signal, then the equivalent circuit for 
the trigger circuit is as shown in Fig. 4.14 (6). Here E, is the gate voltage generated internally 
due to the flow of anode current. The magnitude of Z’, is much smaller as compared to E,. 
For a typical SCR, E’, = 0.05 V and E, = 0.7 V. 


(a) (6) 
Fig. 4.14. Pertaining to Example 4.7. 
-E’ 
Before the SCR starts conducting, gate current Ie = Rak As E,’ is very small, 
s 


I, =E,/(R +R,). After SCR goes into conduction, J, = 7 7 re Voltage E, is quite large as 


8 
compared to E’,, therefore, gate current is reduced from a higher value of J,’ to a lower value 


of I,. 
In case E, is reduced to zero, gate current becomes negative with its value equai to 


” = Ey . sys * 
i’ = RR Under this condition of E,=0, the voltage appearing across the gate-cathode 
‘$ 


terminals is B, - I,” R. 
4.5, TWO-TRANSISTOR MODEL OF A THYRISTOR 


The principle of thyristor operation can be explained with the use of its two-transistor 
model (or two-transistor analogy). Fig. 4.15 (a) shows schematic diagram of a thyristor. From 
this figure, two-transistor model is obtained by bisecting the two middle layers, along the 
dotted line, in two separate halves as shown in Fig. 4.15 (0). In this figure, junctions 
J,-d, and J,~J3 can be considered to constitute pnp and npn transistors separately. The 
circuit representation of the two-transistor model of a thyristor is shown in Fig. 4.15 (c). 
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(a) () (c) 
Fig. 4.15. Thyristor (a) its schematic diagram, (6) and (c) its two-transistor model. 


In the off-state of a transistor, collector current J, is related to emitter current I; as 
Io=alg+Icro 
where ©. is the common-base current gain and Ipgo is the common-base leakage current of 
collector-base junction of a transistor. 
For transistor Q, in Fig. 4.15 (c), emitter current J; = anode current I, and I, = collector 
current I,,. Therefore, for Q,, 


Ig, = 0 I, + Iczo1 (4.8) 
where o, = common-base current gain of Q, 
and Tego, = common-base leakage current of Q,. 

Similarly, for transistor Q., the collector current Ig. is given by 

To = Op I, + Tono2 «(4.4) 

where = common-base current gain of Q. 
Tcgo2 = common-base leakage current of Q. 

and 1, = emitter current of Q). 


The sum of two collector currents given by Eqs. (4.3) and (4.4) is equal to the external 
circuit current J, entering at anode terminal A. 


» Talo tle 

or T, = 0% 1, + Iczoi + 24 + Tono2 4,5) 

When gate current is applied, then J, =I, + I,. Substituting this value of I, in Eq. (4.5) 
gives 

1, = 0 1, + Topo + % Ua + 1g) + Iepo2 

or I,= a ..(4.6) 

For a silicon transistor, current gain o is very low at low emitter current. With an increase 
in emitter current, « builds up rapidly as shown in Fig. 4.16. With gate current J, =0 and 
with thyristor forward biased, (a, +.) is very low as per Eq (4.16) and forward leakage 
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current somewhat more than (Iggo + Jcgo2) Current gain, 
flows. If, by some means, the emitter current of 

two component transistors can be increased so; 
that 0, +, approaches unity, then as per Eq. 
(4.6) I, would tend to become infinity thereby 4 4, 
turning-on the device. Actually, external load 
limits the anode current to a safe value after the 
thyristor begins conduction. The methods of 
turning-on a thyristor, in fact, are the methods 
of making 0, +0, to approach unity. These 9.25 
various mechanisms for turning-on a thyristor 
are now discussed below : 

(i) GATE Triggering : With anode positive 
with respect to cathode and with gate current 
I, = 0, Eq. (4.6) shows that anode current, equal 
to the forward leakage current, is somewhat more than Igo, + Icgo2- Under these conditions, 
the device is in the forward blocking state. 

Now a sufficient gate-drive current between gate and cathode of the transistor is applied. 
This gate-drive current is equal to base current Ip) =1, and eraitter current J, of transistor 
Q.. With the establishment of emitter current J, of Q2, current gain 02 of Q, increases and 
base current Ig) causes the existence of collector current Ic, = By Igo = Bz Z,. This amplified 
current I. serves as the base current Ip, of transistor Q;. With the flow of Ig; collector current 
Icy = Bi Tg1 = By Be Z, of Q1 comes into existence. Currents Ig, and Ic, lead to the establishment 
of emitter current Z, of Q, and this causes current gain 0, to rise as desired. Now. current 
I, +Ic, = (1+ BB.) J, acts as the base current of Q, and therefore its emitter current 
Le Io, +J,. With the rise in emitter current J,, 0% of Q2 increases and this further causes 
Tog = Ba (1 * B;B.) Z, to rise. As amplified collector current Ica is equal to the base current of 
Q,, current gain a, eventually rises further. There is thus established a regenerative action 
internal to the device. This regenerative or positive feedback effect causes 0, +, to grow 
towards unity. As a consequence, anode current begins to grow towards a larger value limited 
only by load impedance external to the device. When regeneration has grown sufficiently, 
gate current can be withdrawn. Even after I, is removed, regeneration continues. This 
characteristic of the thyristor makes it suitable for pulse triggering. Note that thyristor is a 
latching device. 

After thyristor is turned on, all the four layers are filled with carriers and all junctions 
are forward biased. Under these conditions, thyristor has very low impedance and is in the 
forward on-state. 

(i) Forward-voltage triggering : If the forward anode to cathode voltage is increased, the 
collector to emitter voltages of both the transistors are also increased. As a result, the leakage 
current at the middle junction J, of thyristor increases, which is also the collector current of 
Q, as well as Q,. With increase in collector currents Ig, and Ig due to avalanche effect, the 
emitter currents of the two transistors also increase causing , + a, to approach unity. This 
leads to switching action of the device due to regenerative action. The forward-voltage 
triggering for turning-on a thyristor may be destructive and should therefore be avoided. 

(iii) dv/dt triggering : The reversed biased junction J, behaves like a capacitor because 
of the space-charge present there. Let the capacitance of this junction be C;. For any capacitor, 


0.50 


Emitter current Te 


Fig. 4.16. Typical variation of current gain 
with emitter current of a thyristor. 
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i=C a. In case it is assumed that entire forward voltage v, appears across reverse biased 
junction J, then charging current across the junction is given by 
dv, 
Cr 


This charging or displacement current across junction J, is collector currents of 
Q, and Q;. Currents Ico, Ip, will induce emitter current in Qo, Q,. In case rate of rise of anode 
voltage is large, the emitter currents will be large and as a result, 0, + «z will approach unity 
leading to eventual switching action of the thyristor. 

(iv) Temperature triggering : At high temperature, the forward leakage current across 
junction J, rises. This leakage current serves as the collector junction current of the 
component transistors Q, and Q. Therefore, an increase in leakage current Ip, Icy leads to 
an increase in the emitter currents of Q;,Q,. As a result, (%,+0,) approaches unity. 
Consequently, switching action of thyristor takes place. 

(v) Light triggering : When light is thrown on silicon, the electron-hole pairs increase. In 
the forward-biased thyristor, leakage current across J, increases which eventually increases 
Q, + Q to unity as explained before and switching action of thyristor occurs. 


As stated before, gate-triggering is the most common method for turning-on a thyristor. 
Light-triggered thyristors are used in HVDC applications. 


The operational differences between thyristor-family and transistor family of devices may 
now be summarised as under : 


(i) Once a thyristor is turned on by a gate signal, it remains latched in on-state due 
to internal regenerative action. However, a transistor must be given a continuous 
base signal to remain in on-state. 

(ii) In order to turn-off a thyristor, a reverse voltage must be applied across its anode- 
cathode terminals. However, a transistor turns off when its base signal is removed. 


4.6. THYRISTOR RATINGS 


Thyristor ratings indicate voltage, current, power and temperature limits within which 
a thyristor can be used without damage or malfunction. Ratings and specifications serve as 
a link between the designer and the user of SCR systems. 


For reliable operation of a thyristor, it should be ensured that its current and voltage 
ratings are not exceeded during its working. One of the major disadvantages of thyristors is 
that they have low thermal time constant. If a thyristor handles voltage, current and power 
greater than its specified ratings, the junction temperature may rise above the safe limit and 
as a result thyristor may get damaged. Therefore, when SCRs are selected, some safety 
margin must be kept in the form of choosing device ratings somewhat higher than their 
normal working values. The manufacturers of thyristors make a comprehensive list of the 
voltage, current, power and temperature ratings after carefully testing the device. If SCRs 
are operated under these specified conditions, no damage will be done to SCRs. The object of 
this section is to discuss the various SCR ratings. 

Athyristor has several ratings such as voltage, current, power, du/dé, di/dt, turn-on time, 
turn-off time etc. For correct application of the device in thyristor circuits, a knowledge of 
these ratings is desirable. 
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Some subscripts are associated with voltage and current ratings for convenience in 
identifying them. First subscript letter indicates the direction or the state : 

D -forward-blocking region with gate circuit open ; T on-state ; R >reverse ; F forward. 

Except for the gate G, second subscript letter denotes the operating values. 

W working value ; R >repetitive value ; S >surge or non-repetitive value ; T trigger 

Third subscript letter M indicates the maximum or peak value. 

Ratings with less than three subscripts may not follow these rules. Gate ratings involve 
the subscript G. Subscript A usually stands for anode and subscript AV for average. 

4.6.1. Anode Voltage Ratings - 

A thyristor is made up of four layers and three junctions as shown in Fig. 4.1 (b). The 
middle junction J, blocks the forward voltage whereas the two end junctions J, J3 block the 
reverse voltage. The anode voltage ratings indicate the values of maximum voltages that a 
thyristor can withstand without a breakdown of the junction area with gate circuit open. 

For ac systems, the supply voltage may not be a smooth sine wave. The voltage transients 
may occur regularly or at random as shown in Fig. 4.17 (a). The different anode voltage 
ratings are as under : 

(i) Vpwu —-Peak working forward-blocking voltage. It specifies the maximum 
forward-blocking voltage that a thyristor can withstand during its working. Fig. 4.17 (a) 
shows that Vpwy is equal to the maximum value of the sine voltage wave. 

(it) Von —Peak repetitive forward-blocking voltage. It refers to the peak transient voltage 
that a thyristor can withstand repeatedly or periodically in its forward-blocking mode. The 
rating is specified at a maximum allowable junction temperature with gate circuit open or 
with a specified biasing resistance between gate and cathode. 

Voltage Vpry is encountered when a thyristor is commutated or turned-off. It may be 
recalled that during turn-off ove an abrupt change in reverse recovery current is 


accompanied by a spike voltage La a ; this is responsible for the appearance of Vppy across 


thyristor terminals. 


~-Vosm 


Forward 
voltage 


Reverse 
voltage 


Vase 


{a} (0) 
Fig. 4.17. Anode voltage ratings during the blocking state of a thyristor. 
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(ii) Vosy —Peak surge (or non-repetitive) forward-blocking voltage. It refers to the peak 
value of the forward surge voltage that does not repeat. Its value is about 180% of Vor», but 
Vosu is less than forward breakover voltage Vgo as shown in Fig. 4,17 (6). 


(iv) Vewy —Peak working reverse voltage. It is the maximum reverse voltage that a 
thyristor can withstand repeatedly. Actually, it is equal to the peak negative value of a sine 
voltage wave, Fig. 4.17 (a). 

(v) Venu —Peak repetitive reverse voltage. It specifies the peak reverse transient voltage 
that may occur repeatedly in the reverse direction at the allowable maximum junction 
temperature. The transient lasts for a fraction of the time of one cycle, Fig. 4.17 (a). The 
reason for the periodic appearance of Vary is the same as for Vppyy. 


(vi) Vasa —Peak surge (or non-repetitive) reverse voltage. It represents the peak value of 
the reverse surge voltage that does not repeat. Its value is about 130% of Vrrm: But Vesy is 
less than reverse breakover voltage Vgp as shown in Fig. 4.17 (b). 


Both Vpsy and Vpsy ratings can be increased by connecting a diode in series with a 
thyristor. The anode voltage ratings listed above from (i) to (iii) pertain to forward blocking 
voltages whereas from (iv) to (vi) belong to reverse blocking voltages ; a thyristor must be 
able to support these voltages safely with gate circuit open. 

(vii). Vp —On-state voltage drop. It is the voltage drop between anode and cathode with 
specified forward on-state current and junction temperature. Its value is of the order of 1 to 
15V. ; 

(viii) Forward du/dt rating. The du/dt rating of a thyristor indicates the maximum rate 
of rise of the anode voltage that will not trigger the device without any gate signal. If 
dv/dt is more than the specified maximum value, the thyristor may be switched on. With 
forward voltage, junction J, is reverse biased. Charges across J, develop a capacitance C. 


When forward voltage is suddenly applied to the device, a charging current i=C ae begins 


to flow and it may act as a gate current to turn on the SCR even without any positive gate 
signal. In: practice, dv/dt triggering is never employed as it gives random turn-on of a 
thyristor. This type of triggering also leads to destruction of the thyristor through high 
junction temperature. 

4.6.2, Current Ratings 

A thyristor is made up of semiconductor material, its thermal capacity is therefore quite 
small. Even for short overcurrents, the junction temperature may exceed the rated value and 
the device may be damaged. As the junction temperature is dependent on the current handled 
by a thyristor, a correct choice of current ratings is essential for a long working life of the 
device, In this part of the article, current ratings of SCRs are discussed for both repetitive 
and non-repetitive type of current waveforms. : 

Average on-state current (I7yy). The forward voltage drop across conducting SCR is 
low, therefore power loss in a thyristor depends primarily on forward average on-state current 
Tray. For the purpose of illustrating the significance of average on-state current, consider a 
continuous de current OA flowing through the SCR, Fig. 4.18 (a). After the application of this 
current at f= 0, junction temperature begins to rise until finally it reaches its rated value 
T, = 125°C. As the SCR has low thermal time constant, final temperature of 125°C is reached 
in a relatively short time. Suppose now that anode current is of rectangular waveshape with 
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Final temp. 3) 125°C 
ae a 


Aieig chia won ween eeees besos. annccanmane 


conduction angle 180° [- # x 860°| as 


shown in Fig. 4.18 (6). If the rectangular 8B 
wave has average value equal to the A 
constant current OA in Fig. 4.18 (a), then 
current amplitude of rectangular wave in 
Fig. 4.18 (6) is OC = 2 times OA. As the SCR 
has short time constant, junction Oo t 
temperature in Fig. 4.18 (6) is likely to (a) 
exceed the allowable temperature of 125°C 
and this is not desirable. In order to limit 
the temperature to 125°C for rectangular 
waveforms of anode current, the pulse 
amplitude must be reduced from OC to some 
lower value OD (say). But a reduction in the 
amplitude of rectangular wave would result 
in a lower value of average anode current. 
This means that for the temperature rise to 
remain within limits, SCR must be rated at ~t 
a lower value of average forward current |< 2T = 360° 
Inyy when it is conducting a pulsed anode (b) 
current than when it is carrying a constant Fig. 4.18. Variation of junction temperature with 
dc. This shows that thyristor is derated constant anode current i, and with rectangular 
when it handles rectangular or square wave wave of i,. 

of anode current. The effect of conduction 

angle on anode current Iz,y is depicted in Fig. 4.19 (a) for rectangular waves. The average 


on-state power loss P,, in this figure is approximately given by 
P,,, = (forward on-state voltage across a thyristor) x I74y 


It can be obtained more accurately from the relation 


Anode current 


Conduction 
angle 


Pay = Z j (instantaneous voltage across SCR) (instantaneous current through SCR) dt 


where T= periodic time of the anode current waveform. 


The rms current for an SCR is constant whatever the conduction angle may be. But 
average current is given by (I,,,,/FF) where FF is the form factor of the current waveform. 
The conduction angle for sine wave is defined in Fig. 4.19 (6). For the same conduction angle, 
the form factor for sine wave is higher than, for the rectangular wave (see Examples 4,8 and 
4.9), This means that average current for sine wave will be lower than it is for the rectangular 
wave for the same dc (or rms) current. The derating of the SCR is therefore more for sine 
waves than for the square or rectangular waves. The effect of conduction angle on average 
current is depicted in Fig. 4.19 (6) for sine wave. For 180° conduction angle, the anode current 
in Fig. 4.19 (6) is less than that in Fig. 4.19 (a). This diagram is applicable for 1-phase 
half-wave circuit (or 1-phase one-way, one pulse circuit). 


Curves shown in Fig. 4.19 are supplied by the manufacturers of thyristors and are valid 
for supply frequency range of 50 to 400 Hz. The curve marked de in Fig. 4.19 (a) is applicable 
when anode current is continuous de. The current for different conduction angles are 
terminated at different values of average current in Fig. 4.19. For example, for 30° conduction 
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a 
Fig. 4.19. es on-state power dissipation P,, as a jac of Ipay for 
(a) rectangular wave and (6) half-wave sinusoid. 
angle, Ipay terminates at [Z,,/(form factor)] = (Z,,/3.464) in Fig. 4.19 (a) for rectangular wave 
and at (1,,/3.979) in Fig. 4.19 (6) for sine wave. At these terminal points, maximum rms 
current ratings of the device is reached. Table 4.1 gives different values of form-factor for 
different conduction angles of the half-wave sine waveforms. 


Table 4.1. Form Factor for Sine Waves 


Conduction angle [as [oo | oo: | 20 | 180" 


Form factor 5.650 | 3.9812 | 3.233 | 2.7781 | 2.2214 | 1.878 | 1.5708 


Curves of Fig. 4.19 are applicable when load is purely resistive. In case load is inductive 
in nature, these curves should be modified. With an improvement in the waveform, i.e. with 
waveform becoming more smooth, the form factor decreases and as a consequence, higher 
average on-state current I7,y can be handled by the device. 


RMS current (J,,,,). Heating of the resistive elements of a thyristor, such as metallic 
joints, leads and interfaces depends on the forward rms current J,,,, The rms current rating 


is used as an upper limit for constant as well as pulsed anode current ratings of the thyristor. 
Its value is equal to I,, of Fig. 4.19 (a). The value of the rms forward current for an SCR 
remains the same for different conduction angles. Average current, however, is dependent on 
conduction angle as shown in Fig. 4.19. For example, for 180° conduction angle, the form 
factor for half-sine wave is x/2, therefore average current is 2 I,,/n or 21,,,/™. This means 


that for 180° conduction angle, thyristor circuit should be designed to carry an average current 
of 21,,/n instead of I,, ( or I,,,,). The derating of the SCR below the dc value depends upon 


the current waveshape and it is defined as under : 


I 
SCR derating below dc value =1,,- 7 na - # (4.8) 


where FF is the form factor of the waveform. Its value is always more than one. 


\ 
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For rectangular wave, FF is less as compared to its value for sine wave for the same 
conduction angle. Eq. (4.3) reveals that SCR derating below dc is less for rectangular wave 
than for the sine wave. The average current I7yy for other conduction angles can be computed 


as discussed above. 
The significance of I7,y and I,,,, can be highlighted with an example. Suppose maximum 


rms current for a thyristor is 35 A. For 120° conduction angle for sine wave, Ip4y = 7 


= 18.637 A. This means that thyristor can handle an average current of 18.637 A for 120° 
conduction angle and its temperature will remain within limits. Suppose an ammeter is 
placed in series with the SCR for measuring the average current. Now decrease the conduction 
angle to 30° but with average current as measured by the ammeter remaining unchanged at 
18.637 A. But an average current of 18.637 A at 30° conduction angle would require an rms 
current of J,., = 18.637 x 3.9812 = 74.1976 A. But such a large value of rms current would 
cause large ohmic losses and is, therefore, certainly going to destroy the SCR. This shows 
that as conduction angle is reduced, I74y must be lowered accordingly so that rms current is 
not exceeded beyond its rated value and the SCR is not damaged. 

The current ratings I7yy and J,,,, are of repetitive type. They are dependent on maximum 
junction temperature. If better cooling is provided to a thyristor body, these ratings can be 
upgraded. 

As stated above, power loss in a thyristor and its heating is dependent upon the rms 
current. Manufacturers also provide curves showing the variation of case temperature T, with 
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Fig. 4.20, Madina allowable case temperature T,,, as a eee of Ipay for 
(a) rectangular wave and (b) for half-wave sinusoid. 
average on-state current I7yy Fig. 4.20. These curves can be obtained from Fig. 4.19 provided 
4, (thermal resistance between junction and thyristor case)” in °C/W is known. If T, is the 
junction temperature, then 
T; -T,= 6}. Pav 
For SCRs, T; is usually 125°C. Taking 8,,=0.15°C/W for de current of 200 A; 


P,, = 300 W, from Fig. 4.19 (a), is obtained for Ip, = 200 A. 


@ 
* For understanding the term thermal resistance read Art. 4.8. 
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& 125-7, =0.15 x 300 or T,=80°C 
This point is plotted in Fig. 4.20 (a) as A. For 80 A de, P,, = 100 W. 
125 -T,=0.15x 100 or T,=110°C 


This point is plotted as B in Fig. 4.20 (a). For 180° conduction angle, for Ip,y = 140 A, 
P.,, = 225 W from Fig. 4.19 (a). 


au 


T, = 125 - 0.15 x 225 = 91.25°C 


This point is plotted as C in Fig. 4.20 (a). Other points can be plotted accordingly for 
rectangular as well as half-wave sinusoids to obtain the curves of Fig. 4.20. These curves 
indicate that for junction temperature T; = 125°C, lower the average on-state current I7yy, 
greater is the case temperature that can be allowed for the same conduction angle. For 
example, for sine wave with 180° conduction angle, for I7,4,= 120A the case temperature 
Tm = 91°C, ; for Ipgy = 80 A the case temperature T,,, = 104°C and so on. 


Surge Current Rating. When a thyristor is working under its repetitive voltage and 
current ratings, its permissible junction temperature is never exceeded. However, a thyristor 
may be subjected to abnormal operating conditions due to faults or short circuits. In order to 
accommodate these unusual working conditions, surge current rating of thyristors is also 
specified. A surge current rating indicates the maximum possible non-repetitive, or surge, 
current which the device can withstand. Higher currents caused by non-repetitive faults or 
short circuits should occur once in a while during the life span of a thyristor to prevent its 
degradation. 

Surge currents are assumed to be sine waves with frequency of 50, or 60, Hz depending 
upon the supply frequency. This rating is specified in terms of the number of surge cycles 
with corresponding surge current peak. Surge current rating is inversely proportional to the 
-duration of the surge. It is usual to measure the surge duration in terms of the number of 
cycles of normal power frequency of 50 or 60 Hz. For example, a three-cycle surge current 
rating for a period of 60 msec (3 x 20 msec) for 50 Hz supply consists of three conducting 
half-cycles, each followed by an off-period. Three different surge current ratings are provided 


by the manufacturers ; as for example, Ipsj, = 3009 A for 5 cycle, Trsy = 2100 A for 3 cycles 


and Ips = 1800 A for 5 cycles. 


One cycle surge current rating is the peak value of allowable non-recurrent half-sine wave 
of 10 msec duration for 50 Hz. For duration less than half-cycle i.e,.10 msec, a subcycle surge 
current rating is also specified. This rating for 50 or 60 Hz supply is the peak value for a 
part of the half-sine wave. The subcycle surge current rating J,, can be determined by equating 


the energies involved in one cycle surge and one subcycle surge as follows : 
P,-t=P-T 


is Iy=T Vz wd4.4 @) 


where T = time for one half-cycle of supply frequency, sec 
I= one-cycle surge current rating, A 
I,, = subcycle surge current rating, A 
¢ = duration of subcycle surge, sec 
For 50 Hz supply, T = 10 msec 
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Ii 
T= 0 We A4.4 8) 


1°t rating. This rating is employed in the choice of a fuse or other protective equipment 
for thyristors. The rating in terms of amp*-sec specifies the energy that the device can absorb 
for a short time before the fault is cleared. It is usually specified for overloads lasting for less 


than, or equal to, one-half cycle of 50 or 60 Hz supply. The ’t rating is given by the relation. 
(rms value of one—-cycle surge current )* x time for one cycle +(4.5) 


‘Asan example, /’t rating for 4 A(rms) SCR is 10 amp”-sec and for 35 ASCR is 100 amp”-sec. 
In order that a fuse (or other protective equipment) protects a thyristor reliably, the Ft rating 
of fuse must be less than the J’t rating of the series-connected thyristor. 

di/dt rating. This rating of a thyristor indicates the maximum rate of rise of current 
from anode to cathode without any harm to the device. When a thyristor is turned on, 
conduction starts at a place near the gate. This-small area of conduction spreads to the whole 
area of junction’. If the rate of rise of anode current (di/dt) is large as compared to the 
spreading velocity of carriers across the cathode junction, local hot spots will be formed near 
the gate connection on account of high current density. This causes the junction temperature 
to rise above the safe limit and as a consequence, SCR may be damaged permanently. 
Therefore, a limit on the value of di/dt at turn-on is specified in amperes per microsecond 
for all SCRs. Typical values of di/dt are 20 to 500 A/p sec. 

Other ratings. In addition to the voltage and current ratings of thyristors discussed 
above, there are some other ratings as under : 

(a) Latching and holding currents, 

(6) Turn-on and turn-off times, 

(c) Gate circuit voltage, current and power ratings. 

These ratings have already been discussed in Art. 4.1 to Art. 4.5. 

Detailed ratings of any SCR during on-state and off-state can be obtained from the 
manufacturers by quoting the specification sheet number. 

Example 4.8. The specification sheet for an SCR gives maximum rms on-state current as 
35 A. If this SCR is used in a resistive circuit, compute average on-state current rating for 
half-sine wave current for conduction angles of (a) 180° (b) 90° and (c) 30°. 


Solution. For half-sine wave of current as shown in Fig. 4.21 (a), 


#2. inod0=2% 
Tao = On fi sin @d0=57 (1+ cos 6;) 
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(a) For 180° conduction angle, 8, = 0° 


d, 
Tay = on (1+ cos 0°) = = 
Pp ae 
nl a 
and Tims = [# {5 +F air =2 
1, L 
Form factor, (FF) = aa = 3 ; = - : 
fav nn 
I 
Ingy = Bat = 382 _ 99 089.4 


(b) For 90° conduction angle, 8, = 90° 


L, 1 
I= = (1+ cos 90} -h 


rR ‘ 1/2 I 
and Lime [& {i +4 o}| =35 
I, 
ei Form factor = Re i a S E 
m 
Igy = 29222 «15.7554 


(c) For 30° conduction angle, 6; = 150° 


I, 
- Ty = or {1 + © 0.866) = 0.0213227 7, 


Zz. v2 
Tims -[2{x. {ee 4 i (0. 200 = 0.0849035 I,, 


a 


(a) 
Fig. 4.21. Pertaining to (a) Example 4.8 and (b) Be aple 4.9. 
0.0849035 I,, 
* 0.02132271,, ~ 9-9818363 


Form factor 


35 
Tray= 3981847 8.7899 A. 
Example 4.9, Repeat Example 4.8 in case the current has rectangular waveshape. 
Solution. For the rectangular waveform of current shown in Fig. 4.21 (8), 


T 
Conduction angle =oT* 360 


{ ca 
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Here ln = TT mn 
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Tray= 


| 


(c) For 30° conduction angle, n= 


12 
I pee Ls 
av = 79 and Lins= 5 
Form factor apg pW? 


Trav & = 10.1036 A. 


Example 4.10. An SCR has half-cycle surge current rating of 3000 A for 50 Hz supply. 
Calculate its one-cycle surge current rating and Pt rating. 

Solution. Let J and /,, be the one-cycle and sub-cycle surge current ratings of the SCR 
respectively. Then equating the energies involved in them, we get 


PT =0,-t 
2,1 nea _ 3000 _ 
or T X Fo9 = 8000) * 300 or [=<jg- = 2121.32 4 
2 
op, 2 _(3000) 1 _ 2. 
From Eq. (4.5), It rating =I" x a (] Xt007 45000 Amp’ - sec. 


Thus the SCR has one-cycle surge current rating of 2121.32 A and Pt rating of 
45000 amp7-sec. 
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Example 4.11. In the circuit of Fig. 4.22, the thyristor is gated 
with a pulse width of 40 microsec. The latching current of thyristor 
is 36 mA. For a load of 60 Qand 2 H, will the thyristor get turned 
on ? Check. If the answer is negative, how this difficulty can be 
overcome for the given load. Find the maximum value of the 
remedial parameter shown dotted. 


Solution. The current through load and thyristoris == LG 


pomen9 
}ee-- 


onal, 


a Vv, _f Fig. 4.22, Pertaining to 
tp=Rll-ez Example 4,11. 
60 -6 
for the circuit shown, ip= m (a ~e7 g * 40x10 )- 5.996 x 10° =5.996 mA 


This shows that for a pulse width of 40 us, the anode current rises to 5.996 mA which is 
far less than 36 mA. So thyristor will not get turned on. 


The remedial parameter, shown dotted in Fig. 4.22, should be resistance, say R,, because 
current can rise in resistance without any time delay. The value of R, can be obtained as 


under : 
: -3_ 300 , 300 . 
ip = 36 x 1079 == 4 SEE (yg _ g 0.001 
e R, * 60 ‘ 4 
oF Ry= = aed x 10° = 9998 2 = 9.998 k Q. 


Example 4.12. During forward conduction, a thyristor has static V-I characteristic as 
shown by a straight line in Fig. 4.23. Find the average Tot 
power loss in the thyristor and its rms current rating for 
the following load conditions : 

(a) A constant current of 80 A for one-half cycle. 400 AP ----------~--- 

(6) A constant current of 30 A for one-third cycle, 

(c) A half-sine wave of peak value 80 A. 

Solution. It is seen from Fig. 4.23 that for any 
current i,, the voltage drop across thyristor is 


20-08. : 
vp =0.8 + jo *4a= 0.8+0.012i, 


1 
1 
1 
' 
' 
‘ 
i 
: 
' 
t 
( 
' 
i 
' 
t 
t 
' 


_— 


0.8V 20V Ve 
(a) Constant current of 80 A for one-half cycle is __ P 

shown in Fig. 4.24 (a). For i,= 80, the voltage drop Fig. 4.23. Pertaining to Example 4.12. 

across thyristor is vp = 0.8 + 0.012 x 80 = 1.76 V. From the waveforms of i,, Up shown in Fig. 

4.24 (a), the average on-state power loss in thyristor is 


2 T/2 


P. 


aw = 7 Jo Ur: t,- dt 


17? 1.76 x 80xT 
=), 1.76x 80 de = 278 80%T _ 9.4 w 


Waveform of i, gives the rms current rating of thyristor as 


A [s0o®xT se 9 
or = 56.577 A 
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(a) (6) 
Fig. 4.24, Current and voltage waveforms pertaining to Example 4.12. 
(6) Here vp = 0.8 + 0.012 x 30= 1.16 V 
L16x30xT 
Pay = “== rage 11.6W 


Rms current rating =30x ee 17.321A 
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(c) Half-sine wave of peak value of 80 A, Fig. 4.24 (b), can be expressed as 


i, = 80 sin wt. 
vp = 0.8 + 0.012 x 80 sin wé = 0.8 + 0.96 sin wt 


From the waveforms for i, and vp shown in Fig. 4.24 (b), the average on-state power loss 


is given by 


nT 
Poy J, (0.8 + 0.96 sin wt) (80 sin ww) dan) 


=o ff 64sin at -a(oo +2 J 16.8 sin? we - dee 
© 2n Jo + Bg Jo 76.8 sin’ we dio) 


™ 


“1 =, 76.8 
= 97 x 64 | cos wel) + [oe 


= 20.372 + 19.2 = 39.572 W 


sin 2 wt 
2 


0 


é 
Rms current rating ay ta 40A. 


4.7. THYRISTOR PROTECTION 


Reliable operation of,a thyristor demands that its specified ratings are not exceeded. In 
practice, a thyristor may be subjected to overvoltages or overcurrents. During SCR turn-on, 


di/dt may be prohibitively large. There may be false triggering of SCR by high value of 


du/dt. A spurious signal across gate-cathode terminals may lead to unwanted turn-on. A 
thyristor must be protected against all such abnormal conditions for satisfactory and reliable 
operation of SCR circuit and the equipment. SCRs are very delicate devices, their protection 
against abnormal operating conditions is, therefore, essential. The object of this section is to 


discuss various techniques adopted for the protection of SCRs. 
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(a) di/dt protection. When a thyristor is forward biased and is turned on by a gate pulse, 
conduction of anode current begins in the immediate neighbourhood of the gate-cathode 
junction, Fig. 4.6 (a). Thereafter, the current spreads across the whole area of junction. The 
thyristor design permits the spread of conduction to the whole junction area as rapidly as 
possible. However, if the rate of rise of anode current, i.e. di/dt, is large as compared to the 
spread velocity of carriers, local hot spots will be formed near the gate connection on account 
of high current density. This localised heating may destroy the thyristor. Therefore, the rate 
of rise of anode current at the time of turn-on must be kept below the specified limiting value. 
The value of di/dt can be maintained below acceptable limit by using a small inductor, called 
di/dt inductor, in series with the anode circuit. Typical di/dt limit values of SCRs are 20-500 
A/u sec. The method of determining inductance of di/dt inductor is illustrated in Example 
4.13. 

Local spot heating can also be avoided by ensuring that the conduction spreads to the 
whole area as rapidly as possible. This can be achieved by applying a gate current nearer to 
(but never greater than) the maximum specified gate current. 


(8) dv/dt protection. With forward voltage across the anode and cathode of a thyristor, 
the two outer junctions are forward biased but the inner junction is reverse biased. This 
reverse biased junction J,, Fig. 4.3 (6), has the characteristics of a capacitor due to charges 


existing across the junction. In other words, space-charges exist in the depletion region around 
Junction J, and therefore junction J, behaves like a capacitance. If the entire anode to cathode 


forward voltage V, appears across J, junction and the charge is denoted by Q, then a charging 
current i given by Eq. (4.6) flows : 


Ea VO 
av, dC, 
=C 7 +V, at (4.6 a) 
As C;, the capacitance of junction J, is almost constant, the current is given by 
. av, 
i=G; ae (4.6 5) 


If the rate of rise of forward voltage dV,/dt is high, the charging current i will be more. 
This charging current plays the role of gate current and turns on the SCR even when gate 
signal is zero. Such phenomena of turning-on a thyristor, called dv/dt turn-on must be avoided 
as it leads to false operation of the thyristor circuit. For controllable operation of the thyristor, 
the rate of rise of forward anode to cathode voltage dV,/dt must be kept below the specified 
rated limit. Typical values of du/dt are 20 - 500 V/usec. False turn-on of a thyristor by large 
dv/dt can be prevented by using a snubber circuit in R, Cs 


parallel with the device. 
4.7.1. Design of Snubber Circuits Discharge 
A snubber circuit consists of a series combination of 3 S, 
+ =F Dt 


resistance R, and capacitance C, in parallel with the 
thyristor as shown in Fig. 4.25. Strictly speaking, a 
capacitor C, in parallel with the device is sufficient to vy LOAD 
prevent unwanted du/dt triggering of the SCR. When ;* 

switch S is closed, a sudden voltage appears across the }— 


circuit. Capacitor C, behaves like a short circuit, ; 
Fig. 4.25. Snubber circuit across SCR. 
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therefore voltage across SCR is zero. With the passage of time, voltage across C, builds up 
at a slow rate such that du/dt across C, and therefore across SCR is less than the specified 
maximum dv/dé rating of the device. Here the question arises that if C, is enough to prevent 
accidental turn-on of the device by du/dt, what is the need of putting R, in series with C, ? 
The answer to this is as under. 

Before SCR is fired by gate pulse, C, charges to full voltage V,. When the SCR is turned 


on, capacitor discharges through the SCR and sends a current equal to 
V,/ (resistance of local path formed by C, and SCR). As this resistance is quite low, the 


turn-on di/dt will tend to be excessive and as a result, SCR may be destroyed. In order to 
limit the magnitude of discharge current, a resistance R, is inserted in series with C, as 
shown in Fig. 4.25. Now when SCR is turned on, initial discharge current V,/R, is relatively 
small and turn-on di/dt is reduced. 

In actual practice ; R,, C, and the load circuit parameters should be such that du/dt across 
C, during its charging is less than the specified du/dt rating of the SCR and discharge current 
at the turn-on of SCR is within reasonable limits. Normally, R,, C, and load circuit parameters 
form an underdamped circuit so that du/dt is limited to acceptable values. 

The design of snubber circuit parameters is quite complex. Here only an approximate 
method of their calculation is presented in Example 4.13. In practice, designed snubber 
parameters are adjusted up or down in the final assembled power circuit so as to obtain a 
satisfactory performance of the power electronics system. 

Example 4.13. Fig. 4.26 (a) shows a thyristor controlling the power in a load resistance 
R,. The supply voltage is 240 V dc and the specified limits for di/dt and du/dt for the SCR 
are 50 A/psec and 300 V/\sec respectively. Determine the values of the di/dt inductance and 
the snubber circuit parameters R, and C,. 


eae - Sey “ Snubber 
Rs cs * circuit 


= 
uae 


(a) (o) (c) 
Fig. 4.26. (a) Thyristor in series with R, (b) Thyristor protection with L and R,, C, 
(c) Equivalent circuit of Fig. 4.26 (6) at the instant switch S is closed. 


Solution. Snubber circuit parameters R, and C, are connected across SCR and di/dt 
inductor L in series with anode circuit as shown in Fig. 4.26 (6). When switch S is closed, the 
capacitor behaves like a short circuit and SCR in the forward blocking state offers a very 
high resistance. Therefore, the equivalent circuit soon after the instant of closing the switch 
S is as shown in Fig. 4.26 (c). For this circuit, the voltage equation is 


: di 
V.=(R,+Ryith A4.7 @) 
Its solution gives, i=IQ-e%) 
L 
= - = —— 
where '= BIR, and + Rot R;, 
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In Eq. (4.7 a), ¢ is the time in seconds measured from the instant of closing the switch. 
From this equation, 


di_, ,-wx1_ Y%  R+R i, 
pre 7 R,+R, LO 
y, —t/t 
ye 


i) VY. 
(zi) =; (4.7 B) 


Vy 240 x 10° ® 
o -= Gd), ~50 BH 
The voltage across SCR is given by, v,=R, -i 
tp dy _p di 
dt * dt 


dug) di 

ae =R,- (ji (4.8) 
dv, Me. R,-V, 
(@) 8, ay 


aL (He) _ 48 , 399. 
or ano (ae) = dgxa00=60 


The circuit of Fig. 4.26, consisting of R, L, C, should be fully analysed to determine the 
optimum values of snubber circuit parameters R,, C,. The analysis of this circuit shows that 


resistance R, can be obtained from the relation [9] 


nareyE 


where € is the damping factor (or damping ratio). In order to limit the peak voltage overshoot 
across thyristor to a safe value, damping factor in the range of 0.5 to 1 is usually used. For 
optimum solution of the problem, & is taken to be about 0.65. 


2 2 
C= [z) L eeca x 4.8 x 10° °= 0.2253 uF 


's 


It is seen from Fig. 4.26 (6) that when switch S is closed, capacitor C, is charged to dc 
supply voltage before the SCR is triggered. Now when the SCR is turned on, capacitor C, will 
discharge a maximum current of V,/R, and total current through thyristor will be 
(V,/R, + V,/R,). It should be ensured that this current spike is less than the peak repetitive 
current rating (pp) of the SCR. Thus if R, is small, the current spike contributed by the 
discharge of C, will be large. In order to reduce this spike, R, is normally taken greater than 
what is required to limit du/dt. At the same time, value of C, is also reduced so that energy 
stored in C, is small and the snubber discharge does not harm SCR when it is turned on. - 


Thyristors [Art. 4.7] 97 


Thus, in the present case, R, may be chosen somewhat higher than 60, say 100 and C, 
somewhat less than 0.2253 uF, say 0.15 uF. The adoption of the new value of R, demands a 
new value of Z. From Eq. (4.9), 


This value of inductance is more than that required to limit di/dt to 50 A/ HH sec, 

For ac circuits, maximum value of input voltage (V,,) can be used in Eq. (4.9) for computing 
R,. 

Example 4.14. A thyristor operating from a peak supply voltage of 400 V has the following 
specifications : 


Repetitive peak current, 1, =200A, (di/dt)n., = 50 A/ps, (a) = 200 V/s. 


Choosing a factor of safety of 2 for I,, f dt) and (a design a suitable snubber circuit. 
ON Jmax 
The minimum value of load resistance is 10 Q. 


Solution. For a factor of safety of 2. the permitted values are 1, = 702 ~ 100 A, 


di) 30 95 Ayus, (dv/dl meq = 28 = 100 ius. 
dt ja 2 
In order to restrict the rate of rise of current beyond specified value, (di/dt) inductor must 
be inserted in series with thyristor. From Example 4.13, 
V, 400 x 10°° 
= Gi/dj,g 25 = 6 BH 
at {de} _16x10°° 100, 
R, | ae *"400 * 49-6 * ot 
Before thyristor is turned on, C, is charged to 400 V. When thyristor is turned on, the 
peak current through the thyristor is 
400 | 400 
10 x rs 140 A. 
As this peak current through SCR is more than the permissible peak current of 100 A, 
the magnitude of R, must be increased. Taking &, as 8 Q, the peak current through the SCR 


= rg + “ = 90 A, less than the allowable peak current. So choose R= 8. 
pacha 2 
(2é { 
Also C= le L=(13) «16x 10° = 0.4295 uF 
ap Ki 


The value ot C, may be lowered as discussed in the previous example, so C, may be taken 
as 0.30 pF. 

At the instant switch S is closed, Fig. 4.26, thyristor is open circuited and current through 
C, is given by 
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do. _Y, 
Sdt R,+R, 
-sdu_ 400 
or 0.3 x 10 de 1048 
dy 400) 2 
or a 18 “Tantei 


Since designed value of (du/dt) is less than the specified maximum value of 100 V/us, 
value of C, chosen is correct. So choose L = 10 pH, R, =8Q and C, = 0.3 uF. 


Example 4.15. Thyristor shown in Fig. tz In 


4.26 (i) has I’t rating of 20.A?s. If terminal A 
gets short-circuited to ground, calculate the 
fault clearance time so that SCR is not 23042 sin 3v4t 10.0. 
damaged. 

Solution. The worst possible fault 
current should be considered for calculating : : <s . 
the fault clearance time. Maximum fault Fig. 4.26.(i) Pertaining to Example 4.15. 
current occurs when source voltage is at its peak = 230V2 V. When terminal A gets 


short-circuited to ground, the resistance offered to source = 1+ 1x ; = 21/11 Q. Assuming 


T 


maximum fault current = 2302 x 1 A to remain constant during the short clearance time 


t,, we get 


fe . (o30v2 x 11) 
f, ?-at=f, ar -dt=20 A’s 


= 21 S 2 
t,=20 E 5 x11\| * 1000 ms = 0.6892 ms. 


4.7.2, Overvoltage Protection 

Thyristors are very sensitive to overvoltages just as other semi-conductor devices are. 
Overvoltage transients are perhaps the main cause of thyristor failure. Transient overvoltages 
cause either maloperation of the circuit by unwanted turn-on of a thyristor or permanent 
damage to the device due to reverse breakdown. A thyristor may be subjected to internal or 
external overvoltages ; the former is caused by the thyristor operation whereas the latter 
comes from the supply lines or the load circuit. 

(i) Internal overvoltages. Large voltages may be generated internally during the 
commutation of a thyristor. After thyristor anode current reduces to zero, anode current 
reverses due to stored charges. This reverse recovery current rises to a peak value at which 
time the SCR begins to block. After this peak, reverse recovery current decays abruptly with 
large di/dt. Because of the series inductance L of the SCR circuit, large transient voltage 


L & is produced. As this internal overvoltage may be several times the breakover voltage of 
the device, the thyristor may be destroyed permanently. 

(ii) External overvoltages. External overvoltages are caused due to the interruption of 
current flow in an inductive circuit and also due to lightning strokes on the lines feeding the 
thyristor systems, When a thyristor converter is fed through a transformer, voltage transients 
are likely to occur when the transformer primary is energised or de-energised. Such 
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overvoltages may cause random turn on of a thyristor. As a result, the overveltages may 
appear across the load causing the flow of large fault currents. Overvoltages may also damage 
the thyristor by an inverse breakdown. For reliable operation, the overvoltages must be 
suppressed by adopting suitable techniques. 


4.7.2.1. Suppression of overvoltages. In order to keep the protective components to a 
minimum, thyristors are chosen with their peak voltage ratings of 2.5 to 3 times their normal 
peak working voltage. The effect of overvoltages is usually minimised by using RC circuits 
and non-linear resistors called voltage clamping devices. 


The RC circuit, called snubber circuit, is connected across the device to be protected, sce 
Fig. 4.29. It provides a local path for internal overvoltages caused by reverse recovery current. 
Snubber circuit is also helpful in damping overvoitage transient spikes and for limiting 
dv/dt across the thyristor. The capacitor charges at a slow rate and thus the rate of rise of 
forward voltage (dv/dt) across SCR is also reduced. The resistance R, damps out the ringing 
oscillations between the snubber circuit and the stray circuit inductance. Snubber circuits 
are also connected across transformer secondary terminals te suppress overvoltage transients 
caused by switching on or switching cff of the yrimary winding. As snubber circuits provide 
only partial protection to SCR against transient overvoltages, thyristor protection against 
such overvoltages must be upgraded. This is done with the help of voltage-clamping devices. 


Current, 


Peak fault __ 
| current \ 
~ withoutany A 
El fuse DN, 
5| / ‘ 
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cabin bey 
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through 
current 


Be 


Sleanrg time — -» 
(a) a, 
Fig. 427 (ai Volt-ampere and volt-resistance charactenstics or voltage-ciamping device 
194 Action of ecurreni-limiting fuse 1 an ae cireuit. 

A voltage-clamping {V.C.? device is a non-linear resistor connected across SCit as shi 
in Fig. 4.29. The V.C. des ice has falling resistance characteristic with increasing voltage i. 
4.27 (a). Under norraai working conditions of valtage below the clamping levei, the device has 
a high resistance and draws orly a smat! leakage current. When a voltage surge appears, {he 
V.C. device operates in the low resistance region and producvs a virtual short. circuit across 
the SCR. The increased current associated with virtual shurt circuit. produces sn increased 
voltage drop in the source and line impedar.es and 4s a result, voliage across SCR is clariped 
to a safe value. After the surge energy is dissipated in the non-linear resistor, the operation 
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of the V.C. device returns to its high resistance region. Selenium thyrector diodes, metal oxide 
varistors or avalanche diode suppressors are commonly employed for protecting the thyristor 
circuit against overvoltages. As the voltage clamping ability of a thyrector is inferior to those 
of metal oxide varistor and avalanche-diode suppressor, use of thyrector is on the decline. 

It has already been stated that RC snubber is not enouth for overvoltage protection of 
SCR. In practic, therefore, a combined protection consisting of RC snubber and V.C. device 
is provided to thyristors as shown in Fig. 4.29. 


4.7.3. Overcurrent Protection 

Thyristors have small thermal time constants. Therefore, if a thyristor is subjected to 
overcurrent due to faults, short circuits or surge currents ; its junction temperature may 
exceed the rated value and the device may be damaged. There is thus a need for the 
overcurrent protection of SCRs. As in other electrical systems, overcurrent protection in 
thyristor circuits is achieved through the use of circuit breakers and fast-acting fuses as 
shown in Fig. 4.29. 

The type of protection used against overcurrent depends upon whether the supply system 
is weak or stiff. In a weak supply network, fault current is limited by the source impedance 
below the multi-cycle surge current rating of the thyristor. In machine tool and excavator 
drives, if the motor stalls due to overloads, the current is limited by the source and motor 
impedances. The filter inductance commonly employed in dc and ac drives may limit the rate 
of rise of fault current below the multicycle surge current rating of the thyristor. For all such 
systems, overcurrent can be interrupted by conventional fuses and circuit breakers. However, 
proper co-ordination is essential to guarantee that (i) fault current is interrupted before the 
thyristor is damaged and (ii) only faulty branches of the network are isolated. 

Conventional protective methods are, however, inadequate in electrical stiff supply 
networks. In such systems, magnitude and rate of rise of current is not limited because source 
has negligible impedance. As such, fault current and therefore junction temperature rise 
within a few milliseconds. Special fast-acting current-limiting fuses are, therefore, required 
for the protection of thyristors in these stiff supply networks. 

The operation of fast-acting current-limiting fuse is illustrated in Fig. 4.27 (6). These fuses 
and thyristors are found to have similar thermal properties, there co-ordination is therefore 
simpler, The current-limiting fuse consists of one or more fine silver ribbons having very short 
fusing time. In Fig. 4.27 (6), fault is shown to occur at zero crossing of the ac sine wave, i.e. at 
t=0. Without fuse, the fault current would rise upto A and then would follow dotted curve. A 
properly selected current limiting fuse melts at A. An arc is then struck. For a brief interval after 
A, the current continues to rise depending upon the circuit parameters and the fuse design. This 
current reaches a peak value, called peak let through current, which is indicated by point B in 
Fig. 4.27 (6). Note that peak let through current is considerably less than the peak fault current 
without the fuse, the latter is indicated by point D. After the point B, arc resistance increases 
and fault current decreases. At point C, arcing stops and the fault current is cleared. The total 
clearing time ¢, is the sum of melting time ¢,, and arcing time f,, i.€. t, = tm + ta 

Proper co-ordination between fast-acting current-limiting fuse and thyristor is essential. 
A fuse carries the thyristor current as both are placed in series. Therefore, the fuse must be 
rated to carry full-load current plus a marginal overload current for an indefinite period. But 
the peak let through current of fuse must be less than the subcycle surge current rating of 
the SCR. The voltage across the fuse during arcing period is known as arcing, or recovery, 
voltage. This voltage is equal to the sum of source voltage and the emf induced in the circuit 
inductance during arcing time ¢,. If the fuse current is interrupted abruptly, induced emf. 


L @ may be high ; as a result arcing voltage would be excessive. It should therefore be ensured 
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during fuse design and co-ordination that arcing voltage is limited to less than twice the peak 
supply voltage. In case voltage rating of the fuse is far in excess of circuit voltage, an abrupt 
current interruption would lead to dangerous overvoltages. 

When both circuit breaker and fast-acting current-limiting fuse are used for overcurrent 
protection of SCR, Fig. 4.29, the faulty circuit must be cleared before any damage is done to 
the device. A circuit breaker has long tripping time, it is therefore generally used for 
protecting the semiconductor device against the continuous overloads or against surge 
currents of long duration. A fast-acting C.L. fuse is used for protecting thyristors against 
large surge currents of very short duration. The tripping time of the circuit breaker, the 
fusing-time of the fast-acting fuse must be properly co-ordinated with the rating of a thyristor. 
In order that fuse protects the thyristor reliably, the /°¢ rating of the fuse must be less than 
that of the SCR. 

Electronic crowbar protection. As thyristor possesses high surge current capability, 
it can be used in an electronic crowbar circuit for overcurrent protection of power converters 
using SCRs. An electronic crowbar protection provides rapid isolation of the power converter 
before any damage occurs. Main So 

Fig. 4.28 illustrates the basic principle OX fuse 
of electronic crowbar protection. Acrowbar + 
thyristor is connected across the input de Crowbar 
terminals. A current sensing resistor thyristor 
detects the value of converter current. If it 
exceeds preset value, gate circuit provides 
the signal to crowbar SCR and turns it on 
in a few microseconds. The input terminals 
are then short-circuited by crowbar SCR 
and it shunts away the converter Current sensing resistor ; 
overcurrent. The crowbar thyristor current Fig. 4.28. Elementary electronic crowbar circuit. 
depends upon the source voltage and its 
impedance. After some time, main fuse interrupts the fault current. The fuse may be replaced 
by a circuit breaker if SCR has adequate surge current rating. 


4.7.4. Gate Protection 


Gate circuit should also be protected against overvoltages and overcurrents. Overvoltages 
across the gate circuit can cause false triggering of the SCR. Overcurrent may raise junction 
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C.B.—Circuit breaker ; F.A.C.1..F.—Fast acting current limiting fuse ; HS —Heat sink ; ZD—Zener diode. 
Fig. 4.29. Circuit components showing the thyristor protection. 
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remperature beyond specified limit loading tu its damage. Protection against over-voltages is 
achieved by connecting a zener diode ZD across the gate circuit. A resistor Ry connected in 
vertices with the gave cireuil provides protection against overcurrents. 

Acommon problem in thyristor circuits is that they suffer from spurious, or noise, firing. 
Turning-on or turning-off of an SCR may induce trigger pulses in a nearby SCR. Sometimes 
transients in a power circuit may als+ cause unwanted signal to appear across the gate of a 
nehbouring SCR. These undesirable trigger pulses may turn on the SCR leading to false 
operation of the main SCR. Gate protection against such spurious firing is obtained by using 
shielded cables or twisted gate leads. A varying flux caused by nearby transients cannot pass 
through twisted gate leads or shielded cables. As such no e.m.f. is induced in these cables 
and spurious firing of thyristors is thus minimised. A capacitor and a resistor are also 
connected across gate to cathode to bypass the noise signals, Fig. 4.29. The capacitor should 
be less than 0.1 uF and must not deteriorate the waveshape of the gate pulse. 


Example 4.16. For the circuit shown in Fig. 100 O15yF 


4.50, 
(a) caiculate the maximum values of di/dt and 
dv/dt for the SCR, SER 
(bj find the rms and average current ratings of 
the SCR for firing angle delays of 90°and 150° and 
tc) suggest a suitable voltage rating of the SCR. 
Solution. (a) From Eq. (4.7), 


(@) Z ( ¥,) 


{2.230 sin 314t 


Fig. 4.30. Pertaining to Example 4.16. 


de Ina \E ) 
ine 1 
= 22.280. _ 91 685 A/sec. 
15 x 10 
From Eq. (4.8). (dv =R, cae 10 x 21.685 = 216.85 V/psec. 
rae (at *\dt} ; , i 


(b) For 15 pH, X, = 314 x 15 x 10° = 0.00471 Q. As this value of X;, is much lower than 
R= 2Q, the current is primarily limited by 2.Q. 


pS 
Inge = 8 8115-1 


For firing angle delays of $0° and 150°, the conduction angles are 90° and 30° respectively 
and from Example 4,8, the respective values of form factors are x/V2 and 3.98184. 


5.118 - 
.. For firing angle delay of 90°, Tmay= 215 V2 =73.211A 


and for firing angle delay of 150°, Ip,y= 3.981847 40.844A 
RMS current rating of the thyristor is 115V2 = 162.634 A for any conduction angle, but : 
average currents are 73.211 A for conduction angle of 90° and 40.844 A for conduction angle 
of 30°. 
(c) Voltage rating of the SCR = (2.5 to 3) times the peak working voltage 
= (2.5 to 3) x V2 - 230 = 813.173 V to 975.807 V. 
So a voltage rating of about 900 V may be chosen for the SCR. | 
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Example 4.17. For the circuit shown in Fig. 4.31 (a), the initial voltage across capacitor 
\ is u, (0) =~- 100 V. Sketch the time variations of i, vy, Ug, ip and i, after the thyristor is turned, 


on at t=0. 
Solution. When the thyristor is pias on at ¢ = 0, the voltage equation for the circuit is 


aes +h fiat v, 


its Laplace transform is 


sL -I(s)+5 1H, oor o20)), Y, 


s s 
_Vi-Yeo 1 300 VEC 
or I)=-F igs de Ed eg 
stile VEC |* *26 


(a) 


Fig. 4.31. Pertaining to Example 4.17. 
Its Laplace inverse is i= ey sin where = ee 
P = gh Sn Oot 0“ Tee 


vp =L 2 - 300 COS Wot 
Ue = V, — vz = 200 - 300 cos Wot 
The current and voltage waveforms are as shown in Fig. 4.31 (b). At 7/2, v, tends to 
reverse and as a result, diode D gets forward biased and current i, starts flowing through 
D as ip v, is therefore zero from /2 to x. Voltage v, remains 200 V and current i zero from 
1/2 to as shown in Fig. 4.31 (6). 
4.8. HEATING, COOLING AND MOUNTING OF THYRISTORS 


Some power loss occurs in a thyristor during its working. The various components of this 
power loss in the junction region of a thyristor are as under : 


(@) Forward conduction loss 
(ii) Loss due to leakage current during forward and reverse blocking 
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(iii) Switching losses at turn-on and turn-off 
(iz) Gate triggering loss 

At industrial power frequencies between zero and 400 Hz, the forward conduction loss, 
or on-state conduction loss, is usually the major component. But switching losses become 
dominant at high operating frequencies. These electrical losses produce thermal heat which 
must be removed from the junction region. The thermal losses and hence the temperature 
rise of the device increase with the thyristor rating. The cooling of thyristors, therefore, 
becomes more difficult as the SCR rating increases. 

The heat produced in a thyristor by electrical loss is dissipated to ambient fluid (air or 
water) by mounting the device on a heat sink. When heat due to losses is equal to that 
dissipated by the heat sink, steady junction temperature is reached. Thyristor heating and 
hence its junction temperature rise is dependent primarily on current handled by the device 
during its working. As such, current rating of thyristors is often based on thermal 
considerations. 

4.8.1. Thermal Resistance 

Thermal energy, or heat, flows from a region of higher temperature to a region of lower 
temperature. This is similar to the flow of current from higher to lower potential in an electric 
circuit. There is thus an analogy between thermal-power flow and current flow as given in 
tabular form belew : 


_ Thermal quantities = Electrical quantities oa 
1. Heat, J or Ws 1. Charge, C or As 
2. Temperature difference, °C 2. Potential difference, V 
3. Thermal power, or rate of heat transfer, W 3. Current, or rate of charge transfer, A 
4. Thermal resistance, °C/W_ 4. Electrical resistance, V/A or ohms. 


It is seen from above that thermal resistance, analogous to electrical resistance, is the 
resistance offered to thermal power flow. Thermal resistance is denoted by 8. If power loss, 
P,, in watts, causes the temperature of two points to be at T, °C and T, °C where T,>T., 


then thermal resistance is given by 


T,-T, 
O19 = = 2 °C/W (4.10) 


‘au 
The heat generated in a thyristor due to internal losses is taken to be developed at a 
junction within the semiconductor material. The heat flow in a thyristor is then as under : 
(2) from the junction to thyristor case ; 
(ii) from the thyristor case to heat sink and 
(ii) from the heat sink to the surrounding ambient fluid (air or water). 


There is thus thermal resistance 6, between 
junction temperature T; and case temperature T,. 
Similarly, there is thermal resistance 0,, between T, 
and sink temperature T, and 6, between T, and 
ambient temperature T',. Using the electrical analogy, 


a thermal equivalent circuit depicting the flow of heat 


from junction to ambient fluid can be drawn as shown _Fig. 4.32. Thermal equivalent circuit 
for an SCR. 
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in Fig. 4.32. Here P,, is the average rate of heat generated at a thyristor junction and is 
analogous to constant-current source. Here 


A&LD 


where Bi4 = Bj, + Ops + O54, 
is the total thermal resistance between junction and ambient. 

The junction-to-case thermal resistance @,, is specified in the thyristor data sheet. The 
case-to-sink thermal resistance 0,, depends on the size of the device case, flatness of the case 


surface, the clamping pressure and the use of conducting grease between the interfaces. Usual 
value of 0,, varies between 0.05°C/W and 0.5°C/W. In addition to @,., thyristor data sheet 


also specify 0., assuming correct installation procedure and use of the interface thermal 
lubrication. The sink-to-ambient thermal resistance 0,4 is independent of the thyristor 
configuration. The parameters on which 6,, depends are heat sink material, surface area and 


finish of the heat sink, volume occupied by heat sink and the type of cooling (air cooling or 
water cooling). For naturally cooled heat sink, 6,, may be equal to 0.5°C/W and this value 


would be lower for better cooled heat sinks. 

The difference in temperature between junction and ambient can be written from Fig. 
4.32 as 

Tj — Ta = Pay(Bjc + Og + Bea) (4.12) 

Eq, (4.12) shows that for maximum value of T; (= 125°C), P,, can be increased by reducing 
6,4, This means that by providing efficient cooling system to the SCR, the power dissipation 
capability of the device can be increased. 

4.8.2, Heat Sink Specifications 

The thyristor data sheet specifies maximum junction temperature 7,, thermal resistances 
6,, and @,, The manufacturers of heat sinks provide catalogs in which sufficient data on heat 
sink is available. Fig. 4.32 gives typical data in the form of curves for standard heat sinks of 


Sa eg oe ee a 
f 
BOF f a 4 
4 af a | 
fy 4 
eG Sink dimensions(cms) 
~ 40} 2 B.2x10% 7.5 4 
S of d 32x 10K12.5 i 
ws f ¢ 10x10 x0 
7. 20F h - 10x10x10 4 
fee ~ 1.5x15.5% 22.5 
1 
“1 ee 


a - — ene 
160 200 240 280 320-365 
BM walls 
Fig. 4.33. Standard heat sink ratings of aluminium extrusions. 
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aluminium extrusions. These curves relnte temperature difference (T, - T,) in °C between 
heat sink and ambient versus average power dissipation P,, in watts. 


In order to illustrate the use of these curves, choose a particular heat sink and read P,, 
and (7, - 7). Then the thermal resistance of the heat sink to ambient is calculated as 


(4.18) 


For maximum specified temperature 7; (usually 125°C) and a known ambient 
temperature T, the permissible value of P,,, (with 6, and 6,, already known) is calculated 
from Eq. (4.12) with 6,, computed from Eq. (4.13). If this P,,, is different from that chosen 
earlier from Fig. 4.32, another heat sink with other values of P,, and (7, - T,) is tried until 
Eqs. (4.12) and (4.13) are satisfied. After deciding the value of P,,, use this value of P,, in 
Fig. 4.19 to obtain permissible value of average current rating for a given conduction angle 
and current waveform. 

In the second method of heat sink design, first average armature current is determined 
from a known current waveform and conduction angle. Corresponding to this average current, 
P,, is read off from Fig. 4.19. For this P,,, thermal resistance 9,4 is determined from Eq. 
(4.12) as temperatures T, (= 125°C), T, and 9, 8, are already known. This computed value 
of 6,4 is used to obtain temperature difference (T, ~ T,,) between heat sink and the ambient 
from Eq. (4.13). Using these values of P,, and (7, — 74), an appropriate heat sink is selected 
from Fig. 4.33, the details of which are usually supplied by the manufacturers. 

In the third method of heat sink selection, first compute average armature current as 
done in the second method. For this value of average current, obtain P.,, from Fig. 4.19 and 
case temperature 7, from Fig. 4.20 for the known current waveform and conduction angle. 
An examination of Fig. 4.32 reveals that the sink temperature T, in terms of case temperature 
T, is given by 

T,=T,~P,, - Og ww(4.14) 

As ambient temperature is known, (T, — T,) can be calculated. Now, with the knowledge 
of Pay and (T, ~ T,), a choice of suitable heat sink can be made from Fig. 4.33. 

Heat sinks are made from metal with high thermal conductivity. Aluminium is the most 
commonly used metal. Copper, being a costly metal, is seldom used as a heat sink material. 
Heat dissipation from heat sink takes place primarily by convection. As such, thyristor cooling 
by convection can be made more effective by enlarging the cooling surface area by providing 
the heat sink with peripheral fins. Heat dissipation also takes place by radiation. Heat sinks 
are usually provided with black anodized finish to enhance the heat dissipation by radiation. 

Sometimes the size of naturally-cooled finned heat sink may become large. In such a case, 
size of the heat sink can be reduced by using forced air cooling which involves a fan blowing 
air over the fins. With forced air cooling, heat-removing capability of the finned heat sink 
increases by a factor of two to three. For dissipating large losses in high-power thyristors, 
water-cooling is usually employed to get a compact size of the heat sink. 

4.8.3, Thyristor Mounting Techniques 

Internal power losses in a thyristor cause high thermal stresses which further give rise 
to mechanical forces. A thyristor must be’braced to withstand such mechanical forces. In 


Pras 


Thyristors [Art. 4.8} 107 


addition, SCR mounting must be so designed as to facilitate heat flow from junction to the 
.\ease. Depending upon the low or high power ratings of thyristors, there are five major 
‘mounting techniques for SCRs as described below : 

(a) Lead-mounting. For load-current rating of about one ampere, lead-mounted SCRs are 
used, Fig. 4.34 (a). Such SCRs do not require any additional cooling or heat sink. Their 
housings dissipate sufficient heat by radiation and convection. 

(b) Stud-mounting. This type of construction shown in Fig. 4.34 (5) is very widely used 
due to its flexibility and ruggedness. The threaded stud forms the anode. The SCR is attached 
to a heat sink by means of threaded stud and nut. Thus anode gets electrically connected to 
the heat sink. If electrical connection between anode and heat sink is undesirable, then mica 
or PTFE washers are used in between the joining surfaces. Both mica and PTFE conduct 
heat easily but act as insulators to electricity. 


CAG 


a) cee SINK 


(d) (e) 
Fig. 4.34. Different SCR mountings and heat sink. 

(c) Bolt-down mounting. This is also called flat-pack mounting. This type of device 
mounting has tabs with one or more holes. Sometimes the hole is provided in the middie as 
shown in Fig. 4.34 (c). Bolts are pushed through these holes so as to mount the device on to 
heat sink with nuts etc. In case the device is to be insulated from the heat sink, a thin 
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used between the device and heat sink and the bolt is 
ving is ased for smal) and medium ratings. 

‘d) Press-fit mounting. Press-fit or pressure-fit} package is designed for insertion into an 
appropriate sized hole in the heat sink. The insertion may be done by using a vice and pressing 
the device into the heie using wooden block etc. For large sizes, the insertion is carried out 
by means cf a hydraulic ram. This type of mounting is used for large rated thyristors. Fig. 
4.54 (d) illustrates press-fit mounting of SCRs. 

(e) Press-pak mounting. This type of mounting is also called “disc” or “hockey-puck” 
mounting because of its shape. The SCR is clamped between two heat sinks, Fig. 4.34 (e) and 
external pressure is applied evenly so that there is no deformation of any part. The heat sinks 
may be air, water or oil cooled. Such type of mounting is used for thyristors of very high 
current ratings. 

Example 4.18. The data sheet for a thyristor gives the following values : 
Tym = 125°C 
0, = 0.15°C/W 
0., = 0.075°C/W 
(a) For average power dissipation of 120 W, check whether the selection of heat sink g from 
Fig. 4.33 is satisfactory. Use first method of heat sink selection with ambient temperature of 
40°C. 

(b) A sinusoidal voltage source of 230 V, 50 Hz feeds power to a resistive load of 
R=2Q. Fora firing angle delay of zero degree, choose a suitable heat sink and find the circuit 
efficiency. 

(c) For the heat sink chosen in part (a), compute case and junction temperatures in case 
the firing angle delay is 60°. 

Solution. (a) For the heat sink g, Fig. 4.33 gives a value of 

T,-T,= 54°C for P,,= 120 W. 


insuiating mica or PTFE washer to 
made up of nylon, This type of mo 


From Eq. (4.13), 


54 5 
6.4 = F96 = 0.45°C/W. 
125 — 40 
From Eq. (4.12), Pay = (0.18 + 0.075 + 0.45) = 125.93 W. 


As this computed value of P,, is different from the previous value of 120 W, another heat 
sink, say f, for which T, - 7, = 58°C for P,, = eas W should be tried. 


From Kq, (4.13), 0.4 = == = 0.483 
125 ~ 40 
From Kq. (4.12), P= (0.225 + 0.483) ~ 120.06 W. 


This shows that selection of heat sink f is satisfactory. 

For P,, = 120 W and for sinusoidal current, Fig. 4.19 (6) gives average current rating for 
the thyristor as 80 A for 180° conduction angle or a=0°, 74 A for a =60° and 68 A for 
a= 90°. 

(b) For a = 0°, conduction angle is 180°. Here second method of heat-sink selection is used. 
Vn _ V2 x 280 _ 54 77552 


sin wt - d(at) = 3 = = = 


Trav= Le R “RR x2 


For this current, P,, from Fig. 4.19 (6) is 90 W. 
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: From Eq. (4.12), @4=722=49_ (0,225) = 0.7194" CW 


From Eg. (4.13), 7, -— T = 90 x 0.7194 = 64.75°C 

For T, — T, = 64.75°C and P,,, = 90 W, Fig. 4.33 shows that heat sink c should be selected. 

The use of third method of heat-sink selection is also demonstrated. First Ipay is calculated 
as in the second method. For this current, P,,, = 90 W from Fig. 4.19 (6) and T, = 112°C from 


Fig. 4.20 (6). Now sink temperature from Eq. (4.14) is 
T, = 112-90 x 0.075 = 105.25°C 
and T, — Ty = 105.25 - 40 = 65.25°C. 
For T, - T, = 65.25°C and P,,, = 90 W, Fig. 4.33 shows that heat sink c should be chosen. 
As expected, this agrees with the choice made by the use of second method. 
2 


r 


Power delivered to load, P= R= R « 


where V,=rms value of load voltage 
1/2 


. V, 
v. aE J, V2, sin? wat aes) =F 


Vn) 1 _ (230v0¥ 1 
ee) a : ) po ts225 w. 


«. Circuit efficiency = as = 0.993 pu or 99.3%. 


(c) For «= 60°, conduction angle is 180° ~ 60° = 120° 
ny 


Vio V, 
Tray= On i R sin we - d(wt) = onR (1 + cos a) 


= Bow (1+ cos 60°) = 38.82 A. 
For Ip,y = 38.82 A and conduction angle of 120°, P,, from Fig. 4.19 (6) is 52 W and from 
Fig. 4.33 for heat sink c. 
T,-T, = 46°C 
T, = 40 + 46 = 86°C. 


From Eq. (4.14), case temperature, 
T,=T, + P,, - 8, = 86 + 90 x 0.075 = 92.75°C 
and junction temperature, T;=T, + P,, - 8,, = 92.75 + 90 x 0.15 = 106.28°C. 


This example demonstrates that selection of heat sink by second and third methods is 
more simpler than by the first method. 


Example 4.19. For a thyristor, maximum junction temperature is 125°C. The thermal 
reststances for the thyristor-sink combination are 6G, = 0.16 and 0, = 9.08°C/ W. For a heat-sink 
temperature of 70°C, compute the total average power loss wn the thyristor-sink combination. 

In case the heat sin. ‘2mperature is brought down to 60°C by forced cooling, find the 
percentage increase tn the device rating 
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Solution. From the equivalent circuit of Fig. 4.32 
T;=T,+ Py, 0, + 8.) 


= 125-70. _ 29017 W 


avl™ 0.16 + 0.08 


Thus total average power loss in the thyristor-sink combination is 229.17 W. With 
improved cooling, 


ie 


~ 125 - 60 
ac2 0.24 


Thyristor rating is proportional to the square root of average power loss. 


= 270.83 W. 


.. Percentage increase in thyristor rating 


_ N210.B3 -VB2AT og nye 
: BT 100 = 8.71%. 


4.9. SERIES AND PARALLEL OPERATION OF THYRISTORS 


SCR ratings have improved considerably since its introduction ia 1957. Presently, SCRs 
with voltage and current ratings of 10 kV and 3 kA are available. However, for sume industrial 
applications, the demand for voltage and current ratings is so high that a single SCR cannot 
fulfil such requirements. In such cases, SCRs are connected in series in order to meet the 
hy, demand and in parallel for fulfilling the high current demand. For series er parallel 
connected SCRs, it should be ensured that each SCR rating is fully utilized and the system 
operation is satisfactory. String efficiency is a term that is used for measuring the degree of 
utilization of SCRs in a string. String efficiency of SCRs connected in series/parallel is defined 


as 


string efficiency 
ae _—-___Actual voltage/current rating of the whole string 
” {Individual voltage/current rating of one SCR } [Number of SCRs in the string] 


In practice, this ratio is less than one, For obtaining highest possible string efficiency, 
the SCRs connected in series/parallel string must have identical V-I characteristics. As SCRs 
of the same ratings and specifications do not have identical characteristics, unequal 
voltage/current sharing is bound to occur for all SCRs in a string. As a consequence, string 
efficiency can never be equal to one. However, unequal voltage/current sharing by the SCRs 
in a string can be minimised to a great extent by using external equalizing circuits. 


Even in a string provided with external equalizing circuits, the string efficiency is less 
than unity. In case one extra unit is added to the series/parallel string, the voltage/current 
shared by each device would become lower than its normal rating. The use'of this extra unit 
will certainly improve the reliability of the string though at an increased cost. A measure of 
the reliability of string is given by a factor called derating factor DRF defined as under : | | 


DRF = 1 - string efficiency 
If the value of recommended DRF is more, the number of devices used in series/parallel 
string will be more. This will certainly improve the reliability of the string for a given rating 
of the string. 


The object of this section is to study the problems concerning the series/parallel operation 
of SCRs and to discuss the measures adopted to overcome these problems. 
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4.9.1, Series Operation 

When system voltage is more than the voltage rating of a single thyristor, SCRs are 
connected in series in a string. As stated before, these SCRs should have their V-J 
characteristics as close as possible. On account of inherent variations in their characteristics, 
the voltage shared by each SCR may not be equal. For instance, consider two SCRs with their 
static V-J characteristics as shown in Fig. 4.35. For SCR1, leakage resistance (= V,/Ip) is 
high whereas for SCR2, it is low (V,/I,). For the same leakage current J, in the series 
connected SCRs, SCR1 supports rated voltage V, whereas SCR2 supports voltage Vy < Vj. 
Each SCR in Fig. 4.35 is rated for a forward blocking voltage of V, volts which is always less 
than its forward breakover voltage. Here Vgo, and Vggq are the forward breakover voltages 
for thyristors 1 and 2 respectively. It is seen from Fig. 4.35 that two SCRs can support a 


1 Vy 
2 v, 
pac 4 
(a) (6) 


Fig. 4.35. Series connected SCRs. 


maximum voltage of V, + V, and not the rated blocking voltage 2V,. The string efficiency for 
two series connected SCRs of Fig. 4.35 is, 
VitVe_1/, Ve 

Therefore, wv, 72! + v, 

This shows that even though SCRs have identical ratings, voltage shared by each is not 
the same and string efficiency is therefore less than one. 

A uniform voltage distribution in steady state can be achieved by connecting a suitable 
resistance across each SCR such that each parallel combination has the same resistance. This 
will require different value of resistance for each SCR which is a difficult proposition. A more 
practical way of obtaining a reasonably uniform voltage distribution during steady state working 
of series-connected SCRs is to connect the same value of shunt resistance R across each SCR as 
shown in Fig. 4.36. This shunt resistance R is called the static equalizing circuit. Magnitude of 
parallel resistance R can be obtained as follows [1]. 

Consider n thyristors connected in series as shown in Fig. 4.36. Let SCR1 has minimum 
leakage current J,,,, and each of the remaining (n — 1) SCRs have the same leakage current 
Tome > Lymn» AN examination of Fig. 4.35 (8) reveals that an SCR with lower leakage current 


blocks more voltage. 
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Fig. 4.36. Static-voltage equalization for series-connected string 
As SCR1 has lower leakage current, it will block voltage V,,, (say) which is more than 
that shared by each of the other in — 1) SCRs. It is seen from Fig. 4.36 that 
Tr=T-Ip, and I,=I~dy,. 
where 7 = total string current 
Voltage across SCR1 is Vim =1)R 
Voltage across (n ~ 1) SCRs = (i ~ IIR 
For a string voltage V,, the voltage equation for the series circuit of Fig. 4.36 is 
Vos TP ein.) Rig Von, # Ot = Vy RW = Toya} 
= Vim t (3-1 R th Come ~tsmadl 
=Va,t(n-UWRI-~(n-DR- Al, 


where AD, = Dame — Lemn 
As RL = Vin, Ve=n Vin ~(2- WRAL, 
"Vom ~ Ve 
ée "qa 44,1) 


The SCR data sheet contains only maximum blocking current Tomz and rarely A 1,. In such 
a case, it is usual to assume A J, = Tym With I, nn = 0. With this, the value of R calculated from 


Eq. (4.15) is low than what is actually required. The value of minimum leakage, or blocking, 
current J, may be acquired from manufacturers if required, but data sheet does not give its- 


value. 
Once the value of R is calculated, its power rating is given by 


vr 
Pre RP 
where V, = ms voltage across R. 


It is likely that SCRs do not have identical dynamic characteristics. [In such a case, 
series-connected SCRs will have unequal voltage distribution during the transient conditions 
of turn-on, turn-off and high frequency operation. The dynamic characteristics of two SCRs 
during turn-on are shown in Fig. 4.37 (a) where it is assumed that turn-on time of SCR2 is 
more than that of SCR1 by A tz, Before these two SCRs are gated, string voltage V, is shared 
as V, /2 by each thyristor as shown. Now both SCRs are gated at the same time. As SCR1 
has less turn-on time, it gets turned-on at instant ¢,, whereas SCR2 is yet off. Voltage across 
SCR1 drops from V,/2 to almost zero. At the same instant ¢,, voltage across off SCR2 will 
boost from V,/2 to almost full V,. Thus, the voltage shared by two SCRs are unequal. After 


Thyristors (Art. 4.9} 113 


instant ¢,, voltage V, across SCR2 may turn it on in case V, is greater than its breakover 
\ voltage. SCR2 will, however, get turned on at time (¢, + At.) as assumed, Fig. 4.37 (a). 
String 4 


voltage 
wAty 


Fe] Anode 
H voltage 
} 
t 


(a) (6) 
Fig. 4.37. Unequal voltage distribution for two series connected SCRs during 
(a) turn-on and (6) turn-off. 

During turn-off, thyristor characteristics are shown in Fig. 4.37 (6). SCR1 is assumed to 
have less turn-off time f,, than that of SCR2, i.e. t,, < tj». At instant t,, SCR1 has recovered 
and is passing through zero voltage whereas SCR2 is developing reverse recovery voltage 
xy. At instant ¢, in Fig. 4.37 (6), both SCRs are developing different reverse recovery voltages 
given by ab for SCR1 and ac for SCR2 as shown, so tne two SCRs have unequal voltages 
across them at t,. It is thus seen that SCRs with different characteristics during turn-otf time 
suffer from unequal voltage distribution during their turn-cff processes. It may thus be 
concluded from above that series-connected SCRs do suffer from unequal voltage distribution 
across them during their turn-on and turn-off processes and also during their high-frequency 
operation which means more frequent turning-on and turning-off of the devices. 


A simple resistor as shown in Fig. 4.36 for static voltage equalization cannot maintain 
equal voltage distribution under transient condition. During turn-on and turn-off, the 
capacitance of the reverse biased junctions determines the voltage distribution across SCRs 
in a series connected string. As reverse biased junctions are likely to have different 
capacitances, called self-capacitances, the voltage distribution during turn-on and turn-off 
periods would be unequal. Voltage equalization under these conditions can, however, be 
achieved by employing shunt capacitors as shown in Fig. 4.38. This capacitance has the effect 
of removing the inequalities in thyristor self-capacitances. In other words, during turn-on 
and turn-off periods, the resultant of shunt capacitance and self-capacitance of each SCR tend 
to be equal for each of the series connected SCRs. Thus the shunt capacitors play a dominant 
role in equalizing the voltage distribution across the series-connected thyristors during their 
turn-on and turn-off processes. 

When any SCR is in the forward blocking state, the capacitor connected across it gets 
charged to a voltage existing across that SCR. When this SCR is turned on, capacitor 
discharges heavy current through this SCR. For limiting this discharge current spike, a 
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damping resistor Rc is used in series with capacitor C as shown in Fig. 4.38. Resistor R- also 
damps out the high frequency oscillations that may arise due to the series combination of 
Ro, shunt capacitor and circuit inductance. Combination of Rc and C is called the dynamic 
equalizing circuit and is shown in Fig. 4.38 (a). Note that the function of Re and C used in 
Fig. 4.38 is to equalize the voltage during dynamic (or transient) conditions and to protect 
the thyristors against high du/dt. 


Dynamic equalizing Static equalizing 
circuit \ 9, circuit \ 
ease? ae eee | 
H H i ‘ 
RZ igo | id | 
me Sr 
ep id | 
i ’ : 
H H H 
LR ce 
: 1 $R i 
ic : H 
! _—+ t i 
iy H : ‘* Reverse 
“Reverse recovery fecover 


(a) current ( 
Fig. 4.38. Dynamic and static equalizing circuits for series-connected SCRs. 

A diode D is also placed across Rc. When forward voltage appears, diode bypasses Re 
during charging time of the capacitor C. This makes the capacitor more effective in voltage 
equalization and for limiting dv/dt across SCR. However, during capacitor discharge, Rg 
comes into play for limiting the current spike and rate of change of current di/dt, During 
turn-off period, when all SCRs are developing reverse voltage, the reverse recovery current 
i, flows through all series connected SCRs as shown in Fig. 4.38 (a). However, if one SCR 
recovers early, it will not allow the passage of i, from the other SCRs. If SCR1 is assumed to 
recover fully and earlier than other SCRs, then reverse recovery current due to other SCRs 
can pass through R connected across SCR1 as shown in Fig. 4.38 (d). In this figure, i, may 
flow through C, Ro also in case the conditions are favourable. For simplicity, only two SCRs 
are shown in Fig. 4.38. The existance of reverse recovery current is desirable as it facilitates 
the turning-off process of the series-connected SCR string. 

Value of capacitance C shown in Fig. 4.38 can be obtained as under : 

In series connected SCRs, voltage unbalance during turn-off time is more predominant 
than it is during turn-on time, Fig. 4.37. Therefore, choice of capacitor C is based on the 
reverse recovery characteristics of SCRs. In Fig. 4.39 (6) are shown reverse recovery 
characteristics for two SCRs of Fig. 4.39 (a). SCR1 is assumed to have short reverse recovery 
time as compared to SCR 2. Shaded area A Q, proportional to the product of current and time, 
is the difference in the reverse recovery charges of two thyristors 1 and 2, Under this 
assumption, SCR1 recovers first ; it, therefore, goes into blocking state and does not allow 
the passage of excess charge A Q left on SCR2. This charge A @ can, however, pass through 
C as shown in Fig. 4.39 (a). 

The voltage induced by A @ in the capacitor C, connected across SCR1, is A Q/C ; whereas 
no voltage is induced by AQ Q2— Q;) in C connected across SCR2. There is thus a difference 
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Fig. 4.39. (a) Flow of reverse recovery current if SCR1 recovers first 
(6) Variation of reverse recovery characteristics for two SCRs of Fig. 4.39 (a). 


in voltages, equal to S22 Ag to which the two shunt capacitors are charged. The 


i thyristor with the least reverse recovery time will share the highest transient voltage, say 
Vim As stated above, the voltage difference to which the two shunt capacitors are charged 


during reverse recovery time is A Q/C, the transient voltage shared by slow thyristor 2 must 
be Vin - ag (less than V,,, shared by fast thyristor 1). Thus, in Fig. 4.39 (a), 


voltage across fast top thyristor 1, V; = V;,, 


and voltage across slow bottom thyristor 2, V. = V,,, -48 
-. String voltage, V,= Vy + Vo = Vim + Vim - ag 
ai 4Q 
or Vim = 3 ( Vi+ C } 
A 1 A 
and Y= Von4S=3 (vs 


In order to aid the reverse recovery process of the thyristors in a string, the string voltage 
reverses in polarity as shown in Fig. 4.39 (a). 

Now consider ti:at there are n series-connected SCRs in a string. If top SCR has 
characteristics similar to SCR1 of Fig. 4.39 (6) and the remaining (n - 1) SCRs have 
characteristics similar to SCR2 of Fig. 1.39 (6), then SCR1 would recover first and support 
a voltage V,,, The charge (n — 1) A @ from the remaining (n — 1) thyristors would pass through 
C connected across top fast SCR1 and as a result, a voltage (n — 1) AQ/C would be induced 
in C. As before, excess charge contributed by each one of the (n — 1) thyristors is A Q, therefore, 
the voltage across each one of the siuw thyristors is | V,,, -48) Thus, for a string of n 
series-connected thyristors, voltage across fast top thyristor 1,V, =~ Vim 


voltage across each one of ‘?-¢ slow thyristors, 
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4 
V2 = Ven — 4g 
and voltage across (n — 1) slow thyristors = (7 — 1) V2 


=aa-} [Vin -“) 


.. String voltage, Vi =Vy+(n-DV_ 
3 . 
AQ 
= Vin t (n- | Yom - Cc 


Vin ak +2149) AMID 


Its simplification gives C 


2@-NAQ 
Cae Vi.-V. (4,18) 


Voltage across each one of the slow thyristors, in terms of V,, is given by 


Va= (Vin “e) 


and 


c 
Ys, @-YAQ AQ 
on nc Cc 
_A@ 
vs Cc 


or V2 = (4,19) 


n 
4.9.2. Parallel Operation 


When current required by the load is more than the rated current of a single thyristor, 
SCRs are connected in parallel in a string. For equal sharing of currents, V — J characteristics 
of SCRs during forward conduction must be identical as far as possible. 


_ @ (6) {c) 
Fig. 4.40. (a) and (6) Parallel operation of two thyristors 
(c) Dynamic resistance decreases as junction temperature rises. 

In Fig. 4.40 (a) are shown two SCRs in paralle! and their characteristics during forward 
conduction are shown in Fig. 4.40 (6). For parallel-connected SCRs, voltage drop Vp across 
them must be equal. Fig. 4.40 (b) shows that for the same voltage drop Vr, SCR1 shares a 
rated current J, whereas SCR, carries current J, much less than the rated current J,. The 
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total current carried by the unit is 7, + [, and not the rated current 2/, as required. Therefore, 
string efficiency is given by 
T,+8. I. 
+h 1 (: be z] 
ray 


a, 2 

Now consider n parallel connected SCRs. For satisfactory operation of these SCRs, they 
should get turned on at the same moment. The importance of their simultaneous turn on can 
be explained with an example. Consider that SCR1 has large turn-on time whereas the 
remaining (7 — 1) SCRs have low turn-on time. Under this assumption, (n — 1) SCRs will turn 
on first but one SCR1 with longer turn-on time is likely to remain off. The voltage drop across 
(n - 1) SCRs falls to a low value and SCR1 is therefore subjected to this low voltage. For a 
given gate drive power, anode to cathode must have some minimum forward voltage, called 
finger voltage, for a thyristor to turn-on. If voltage across SCR1 drops to a value less than 
its finger voltage, then this thyristor will not turn on. As a consequence, the remaining 
(n - 1) SCRs, which are already on, will have to share the entire load current. As such, these 
SCRs may be overloaded and damaged because of heating caused by overcurrents. 


If one SCR1 in a parallel unit carries more current than other SCRs, then this SCR1 will 
have greater junction temperature rise. As a result, its dynamic resistance (= dV7/dI,) during 
forward conduction, Fig. 4.40 (c) decreases and this further increases the current shared by 
this SCR. In Fig. 4.40 (c), dynamic resistance is oa/ab and current shared is J’. Because of 
junction temperature rise, its dynamic resistance decreases to oa/ac and current shared by 
SCR1 increases to I”. This process of anode current rise becomes cumulative and subsequently 
the junction temperature of SCR1 exceeds its rated value ; as a result SCR1 is damaged. This 
sequence of events may engulf another SCR and in this manner all SCRs in the string may 
be destroyed permanently. Therefore, when SCRs are to be operated in parallel, it should be 
ensured that they operate at the same temperature. This can be achieved by mounting the 
parallel unit on one common heat sink. 

Unequal current distribution in a parallel unit is also caused by the inductive effect of 
current carrying conductors. When SCRs are arranged unsymmetrically as shown in Fig. 4.41 
(a), the middle conductor will have more inductance because of more flux linkages from two 
nearby conductors. As a consequence, less current flows through the middle SCR as compared 
to outer two SCRs. This unequal current distribution can be avoided by mounting the SCRs 
symmetrically on the heat sink as shown in Fig. 4.41 (6). 


Heat sink _ 


{a) (b) 


Fig. 4.41. Parallel operation of SCRs (a) unsymmetrical arrangement and 
(4) symmetrical arrangement on heat sinks (c) current equalization by the use of reactor. 
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In ac circuits, current distribution can be made more uniform by the magnetic coupling 
of the parallel paths as shown in Fig. 4.41 (c). The tapped point A is the mid point of the 
reactor. If anode currents are such that Z, = J,, then flux produced by two halves of the reactor 
oppose each other. As A is the mid point, opposing flux linkages cancel and there is therefore 
no voltage drop in the reactor. If currents I, and J, are unequal, say J, > J,, then resultant 
flux linkages are not zero. These flux linkages induce emfs in 11 and L2 as shown, Emf across 
reactor L1 opposes the flow of 7, whereas that across L2 aids the flow of J,. There is thus a 
tendency to buck I, and boost J, so as to minimise the unbalance of currents in the parallel 
unit. 

When three or more SCRs are connected in parallel, reactors can be arranged accordingly 
so as to minimise the current unbalance. 

Example 4.20. A string of four series-connected thyristors is provided with static and 
dynamic equalizing circuits. This string has to withstand an off-state voltage of 10 kV. The 
static equalizing resistance is 25000 Q and the dynamic equalizing circuit has Rp = 40 Q and 
C=0.08 uF. The leakage currents for four thyristors are 21 mA, 25 mA, 18 mA and 16 mA 
respectively. Determine voltage across each SCR in the off-state and the discharge current of 
each capacitor at the time of turn-on. 

Solution. Let I be the string current in the off-state. Then current through 
static-equalizing resistance FR of 25000 Q is (I-leakage current), current through each SCR is 
its own leakage current and no current flows through series combination of Rg and C. 


~. Voltage across R = voltage across each SCR 
Voltage across SCR1 = (I — 0.021) x 25000 = V, 
Voltage across SCR2 = (I - 0,025) x 25000 = V, 
Voltage across SCR3 = (I - 0.018) x 25000 = V, 
Voltage across SCR4 = (I - 0.016) x 25000 = V, 


The sum of Vj, Vo, V3 and V, gives 
25000 (4J — 0.08) = V, + V2 + V, + V,=string voltage, 10000 V 
or T=0.12A 
From above, voltage across SCR1 
= (0.12 — 0.021) x 25000 = 2475 V 
Similarly V, = 2375 V, V,= 2550 V and V,=2600 V. 


Discharge current through SCR1 at the time of turn on 
“Ro 40 =61.875A 
Similarly, discharge currents through thyristors 2, 3 and 4 are respectively 59.375 A, 
63.75 A and 65 A. 


Example 4.21. SCRs with a rating of 1000 V and 200 A are available to be used in a 
string to handle 6 kV and 1 kA. Calculate the number of series and parallel units required in 
case derating factor is (a) 0.1 and (b) 0.2. 


Solution. (a) Derating factor, DRF = 1- string efficiency 
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oa O.1=1-7 1000 ~*~ 2, x 200 
\ «. Number of series-connected SCRs, 
_—8000__g6- 
= T9900 x0.9 ~98=7 


Number of parallel-connected SCRs, 
1000 


"= 300x097 °°=8 
(b) As above, number of series-connected SCRs, 
6000 = 
".*7000x08 =7.5=8 
and number of parallel-connected SCRs, 
1000 _ 
"= >00x08 6.25 =7 


With higher value of DRF, more SCRs are required and therefore voltage and current 
shared by each device are lower than their normal rating. This increases the string reliability 
though at an increased investment. 

Example 4.22. It is required to operate 250-A SCR in parallel with 350-A SCR with their 
respective on-state voltage drops of 1.6 V and 1.2 V. Calculate the value of resistance to be 
inserted in series with each SCR so that they share the total load of 600 A in proportion to 
their current ratings. 


Solution. 
Dynamic resistance of 250-ASCR1 = fe Q 
Dynamic resistance of 350-A SCR2 = i 2 
Let R be the resistance inserted in series with each SCR. With this, current shared by 
ra +R 
BOR 2 000 Total resistance — one 
and current shared by SCR2 = 600 ‘Total resistance.” 350 
1.2 
aatR 
From above. 550 = 250 6 
; 16, 350° 7 
250 
Its simplification gives R=0.004 2. 
- Thus the resistance to be inserted*in series with each SCR is 0.0049. 


Example 4.23. Discuss the conditions which must be satisfied for turning-on an SCR with 
a gate signal. 

Solution. Conditions which must be satisfied for turning-on SCR with a gate signal are 
as under : 
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(a) An SCR must be forward-biased. It means that anode must be positive with respect 
to cathode. 

(h} Gate pulse width must be more than the turn-on time of an SCR. This will ensure 
that anode current exceeds the latching current before gate signal is removed. 

(c) Ancde to cathode voltage must be more than finger voltage. A finger voltage is that 
voltage below which an SCR cannot be turned on with a gate signal. 

(d} Magnitude of gate current must be more than the minimum gate current required to 
turn-on a thyristor, otherwise the thyristor turn-on will not be reliable. 

{e) Magnitude of gate current must be less than the maximum gate current allowed, 
otherwise gate circuit may be damaged. 

(f) The gate triggering must synchronize with the ac supply. 
4.10. OTHER MEMBERS OF THE THYRISTOR FAMILY 

The term thyristor includes all four-layer p-n-p-n devices used for the control of power in 
ac and de systems. The silicon controlled rectifier is the most popular member of thyristor 
family. There are several other members of thyristor family like PUT, SUS, SCS, triac, diac 
etc. All these devices, except triac, are low power devices. Several new devices have been 
developed and added to the thyristor family. These recently developed thyristor devices are 
asymmetric thyristor (ASCR), reverse conducting thyristor (RCT), static induction thyristor 
(SITH), gate-assisted turn-off thyristor and gate turn-off (GTO) thyristor. The latest addition 
to the thyristor family is the MOS-controlled thyristor (MCT) which has already been 
described in Chapter 2. The object of this section is to discuss other members of the thyristor 
family. 

4.10.1. PUT (Programmable Unijunction Transistor) 


It is a pnpn device like an SCR. But the major difference is that gate is connected to 
n-type material near the anode as shown in Fig. 4.42 (a). PUT is used mainly in time-delay, 
logic and SCR trigger circuits. Its largest rating is about 200 V and 1 A. Circuit symbol and 
V-I a a of a PUT are shown in Fig. 4.42 (6) and (c) respectively. 


A . 
la 
G =p 
ie %e 
pee 
K 


(a) (6) (c} 
Fig. 4.42. (2) Schematic diagram (6) circuit symbol and (c) V-] characteristics of a PUT. 


Ina PUT, G is always biased positive with respect to cathode. When anode voltage exceeds 
the gate voltage by about 0.7 V, junction J, gets forward biased and PUT turns on. When 
anode voltage becomes less than gate voltage, PUT is turned off. 

4.10.2. SUS (Silicon Unilateral Switch) 


ASUS is similar to a PUT but with an inbuilt low-voltage avalanche diode between gate 
and cathode as shown in Fig. 4.43 (a). Because of the presence of diode, SUS turns on for a 
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(b) (c) (d) 

Fig. 4.43. (a) Schematic diagram (0) circuit symbol 
(c) equivalent circuit and (d) V-I characteristics of an SUS. 
fixed anode-to-cathode voltage unlike an SCR whose trigger voltage and/or current vary 
widely with changes in ambient temperature. SUS is used mainly in timing, logic and trigger 
circuits. Its ratings are about 20 V and 0.5 A. Circuit symbol, equivalent circuit and V - 
characteristic of an SUS are shown in Fig. 4.43 (6), (c) and (d) respectively. 

4.10.8. SCS (Silicon Controlled Switch) . 

SCS is a tetrode, i.e. four electrode thyristor. It has two gates, one anode gete (AG) like 
a PUT and another cathode gate (KG) like an SCR. In other words, SCS is a four layer, four 
terminal pnpn device ; with anode A, cathode K, anode gate AG and cathode gate KG, Fig. 
4,44 (a). SCS can be turned on by either gate. Circuit symbol and V-J characteristic of an 
SCS are shown in Fig. 4.44 (b) and (c) respectively. 


KG 


(a) (b) (c) 
Fig. 4.44. («) Schematic diagram (6) circuit symbol and (c) V-] characteristic of an SCs. 


When a negative pulse is applied to gate AG, junction J, is forward biased and SCS is 
turned on. A positive pulse at AG will reverse bias junction J, and turns off the SCS. 
A positive pulse at gate KG turns on the device (just like an SCR) and a negative pulse 
! at KG turns it off (just like a G.T.O.). 


Its ratings are about 100 V and 200 mA. This can be operated like an OR gate. Its 
applications include : 
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(i) timing, logic and triggering circuits 
(it) pulse generators , 
(iti) voltage sensors 
(iv) oscillators etc. 
4.10.4. Light Activated Thyristors 
The circuit symbol and V-J characteristics of light-activated thyristor, also called LA 
SCR, are shown in Fig. 4.45. LA SCRs are turned on by throwing a pulse of light on the silicon 
wafer of thyristor. The pulse of appropriate wavelength is guided by optical fibres to the 
special sensitive area of the wafer. If the intensity of light exceeds a certain value, excess 
electron-hole pairs are generated due to radiation and forward-biased thyristor gets turned 
on, 


Io 


(@) (b) (ce) 
Fig. 4.45. (a) Circuit symbol and (b) V-I characteristic of LASCR 
(c) Circuit symbo) for SITH. 

The primary use of light-fired thyristors is in high-voltage high-current applications, 
static reactive-power compensation etc. A light-fired thyristor has complete electrical isolation 
between the light-triggering source and the high-voltage anode-cathode circuit. 
Light-activated thyristors are available up to 6 kV and 3.5 kA, with on-state voltage drop of 
about 2 V and with light-triggering requirements of 5 mW. 

4.10.8. Static Induction Thyristors (SITHs) 

The V-I characteristics of a SITH are similar to those of an SCR. Its circuit symbol is 
shown in Fig. 4.45 (c). SITH is turned on by applying a short positive pulse between gate and 
cathode like an ordinary thyristor. It is turned off by the application of short negative pulse 
of large current between gate and cathode just like a G.T.O. A SITH has low on-state voltage 
drop. SITHs are available up to about 2500 V, 500 A ratings. These may be used for medium 
power converters with frequency range beyond that used for GTOs. 

4.10.6. The Diac (Bidirectional Thyristor Diode) 

A cross-sectional view of a diac showing all its layers and junctions is depicted in Fig. 
4.46 (a). If voltage Vj», with terminal 1 positive with respect to terminal 2, exceeds break-over 
voltage Vgo;, then structure pn pn conducts. In case terminal 2 is positive with respect to 
terminal 1 and when V2, exceeds breakover voltage Vo, Structure pn pn’ conducts. The term 
‘diac’ is obtained from capital letters, Diode that can work on AC. Fig. 4.46 (b) gives the circuit 
symbol and Fig. 4.46 (c) the V-I characteristics of a diac. It is seen that diac has symmetrical 


ca ta 
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breakdown characteristics. Its leads are interchangeable. Its turn-on voltage is about 30 V. 
\ ‘When conducting, it acts like a low resistance with about 3 V drop across it. When not 
conducting, it acts like an open switch. A diac is sometimes called a gateless triac. 


2 Ylo 
(a) @) -S © 
Fig. 4.46, (a) Cross-sectional view (5) circuit symbol and (c) V-I characteristics of a diac. 
4.10.7. The Triac 


An SCR is a unidirectional device as it can conduct from anode to cathode only and not 
from cathode to anode. A triac can, however, conduct in both the directions. A triac is thus a 

. bidirectional thyristor with three terminals. It is used extensively for the control of power in 
ac circuits. Triac is the word derived by combining the capital letters from the words TRIode 


Ig 


MT2 MTZ positive 
Ig2>Igr>Iyo 
’ Ig2 fot Igo=0 
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MT1 
MT2 negative 
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Fig. 4.47, (a) Circuit symbol and (6) static V-J characteristics of a triac. 


and AC. When in operation, a triac is equivalent to two SCRs connected in antiparallel. The 
| circuit symbo) and its characteristics are shown in Fig. 4.47 (a) and (6) respectively. As the 
triac can conduct in both the directions, the terms anode and cathode are not applicable to 
triac. Its three terminals are usually designated as MT1 (main terminal 1), MT2 and the gate 
by G as in a thyristor. For understanding the operation of the triac, its cross-sectional view 
showing all the layers and junctions is sketched in Fig. 4.48. The gate G is near terminal 
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MT1, The cross-hatched strip shows that G is connected to N, as well as P, Similarly, terminal 
MTipis connected to Py andN, ; terminal MT2 to P, and Ny 


With no signal to gaté, the triac will block both half cycles of 
the ac applied voltage in case peak value of this voltage is less 
than the breakover voltage of Vgo, or Vgoo of the triac, Fig. 4.47 
(6). The triac can, however, be turned on in cach half cycle of the 
applied voltage by applying a‘positive or negative voltage to the 
gate with respect to terminal MT1. For convenience, terminal MT1 
is taken as the point for measuring the voltage and current at the 
gate and MT2 terminals. 

The turn-on process of a triac can be explained as under : 

(i) MT2 is positive and gate current is also positive. When MT2 
is positive with respect to MT1, junction P1 N1, P2 N2 are forward 
biased but junction Nl P2 is reverse biased. When gate terminal 
is positive with respect to MF'1,'gate current flows mainly through Fig. 4.48. Cross-sectional 
P2N2 junction like an ordinary SCR, Fig. 4.49 (a). When gate view of a triac. 
current has injected sufficient charge into P, layer, reverse biased 
junction N, P, breaks down just as in a normal SCR. As a result, triac starts conducting 
through P, N; P, N2 layers. This shows that when MT2 and gate terminals are positive with 
resect to MT1, triac turns on like a conventional thyristor. Under this condition, triac 
operates in the first quadrant of Fig. 4.47 (6). The device is more sensitive in this mode. It 
is recommended method of triggering if the conduction is desired in the first quadrant. 

(ii) MT2 is positive but gate current is negative. When gate terminal is negative with 
respect to MT1, gate current flows through P, N, junction, Fig. 4.49 (6) and reverse biased 
junction N, P, is forward biased as in a normal thyristor. As a result, triac starts conducting 
through P, N, P, N; layers initially. With the conduction of P, N, P,Ng, the voltage drop 
across this path falls but potential of layer between P, N, rises towards the anode potential 
of MT2. As the right hand portion of P, is clamped at the cathode potential of MT1, a potential 
gradient exists across layer P,, its left hand region being at higher potential than its right 
hand region. A current shown dotted is thus established in layer P, from left to right. This 
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Fig. 4.49, Turning-on process in a triac. -- 
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urrent is similar to conventional gate current of an SCR. As a consequence, right-hand part 
f triac consisting of main structure P, N, P, N begins to conduct. The device structure 


P, N, P, N3 may be regarded as pilot SCR and the structure P, N, P, Ny as the main SCR. It 
can then be stated that anode current of pilot SCR serves as the gate current for the main 
SCR. As compared with turn-on process discussed in (i) above, the device with MT2 positive 
but gate current negative is less sensitive and therefore, more gate current is required. 

(iii) MT2 is negative but gate current is positive. The gate current I, forward biases 
P,, N, junction Fig. 4.49 (c). Layer N, injects electrons into P, layer as shown by dotted arrows. 
As a result, reverse biased junction N, P, breaks down as in a conventional thyristor. 
Eventually the structure P, N, P,.N, is completely turned on. As usual, the current after 
turn-on is limited by the external load. As the triac is turned on by remote gate N», the device 
is less sensitive in the third quadrant with positive gate current. 


(iv) Both MT2 and gate current are negative. In this mode, Ng acts as a remote gate, Fig. 
4.49 (d). The gate current J, flows from P, to N, as in a normal thyristor. Reverse-biased 
junction N, P, is broken and finally, the structure P. N, P, N, is turned on completely. Though 
the triac is turned on by remote gate N; in third quadrant, yet the device is more sensitive 
under this condition compared with turn-on action with positive gate current discussed in 
(iit) above. 

It can, therefore, be concluded from above that : 


(i) sensitivity of the triac is greatest in the first quadrant when turned on with positive 
gate current and also in the third quadrant when turned on with negative gate 
current, . . 

(ii) sensitivity of the triac is low in the first quadrant when turned on with negative — 
gate current and also in the third quadrant when turned-on with positive gate 
current. ' 

Thus the triac is rarely operated in first quadrant with negative gate current and in the 
third quadrant with positive gate current. 

As the two conducting paths from MT1 to MT2 or from MT2 to MT1 interact with each 
other in the structure of the triac ; their voltage, current and frequency ratings are much 
lower as compared with conventional thyristors. At present, triacs with voltage and current 
ratings of 1200 V and 300 A (rms) are available. 

Triacs are used extensively in residential lamp dimmers, heat control and for the speed 

| control of small single-phase series and induction motors. 

Atriac may sometimes operate in the rectifier mode rather than in the bidirectional mode. 
This may happen due to the following reasons : 

(a) For a given value of positive gate current, a triac may turn on with MT2 positive 
in first quadrant but may fail to turn on with MT2 negative. 

(6) With constant negative gate current, the triac may turn on with MT2 negative in 
third quadrant but may not turn on with MT2 positive. 

The rectifier-mode can be overcome by increasing the value of gate current. 

4.10.8. Asymmetrical Thyristor (ASCR) 


A conventional thyristor is able to block a large reverse voltage, but this blocking 
capability is not required in several industrial applications. For example, in voltage source 
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inverters converting dc to ac and in some chopper circuits, a freewheeling diode is usually 
connected in antiparaile) across each thyristor. This freewheeling diode clamps the thyristor 
voltage to 1 to 2 V under steady state conditions. An asymmetrical thyristor, or ASCR, is 
specially fabricated to have limited reverse voltage capability , this permits a reduction in 
turn-on time, turn-off time and on-state voltage drop in ASCR. A typical ASCR may have 
reverse blocking capability of 20 to 30 V and forward blocking voltage of 400 to 2000 V. ASCRs 
with turn-off time half of that of a similar rated conventional SCRs have been developed. 
Fast turnoff ASCRs minimize the size, weight and cost of commutating components and 
permit high frequency operation (20 KHz or more) with improved efficiency. 


4.10.9. Reverse Conducting Thyristor (RCT) 


A reverse conducting thyristor is a special case asymmetrical thyristor with a 
monolithically integrated antiparallel diode on the same silicon chip. This construction 
reduces to zero the reverse blocking capability of RCT. A current pulse through the diode part 
of the chip turns off RCT. The arrangement of ASCR and diode in a single device reduces the 
heat sink size and leads to compactness of the converter. The undesirable stray loop 
inductance between ASCR and diode is also eliminated and unwanted reverse voltage 
transients across ASCR are avoided ; this leads to better turn off behaviour of RCT. 

4.10.10. Other Thyristor Devices 

Field-controlled thyristor (FCT), or static induction thyristor (SIT), is a new four layer 
semiconductor device still under development. In FCT, a negative gate drive turns off the 
normally conducting thyristor, but it is essential to hold this negative gate drive to achieve 
the off-state. It has been reported that FCT has high voltage-blocking capability, low-on-state 
voltage drop and improved dv/dt and di/dt values. 


Gate-assisted turn-off (GAT) thyristor is a normal four-layer thyristor, but its turn-off is 
achieved by applying a negative gate drive across gate-cathode terminals. In order to reduce 
the turn-off time appreciably, the gate-cathode junction is highly interdigitated so that stored 
charges can be removed more effectively from the base region. GAT thyristors are extensively 
employed in TV deflection circuits at frequencies around 20 kHz with turn-off times as low 
as 2.5 4. sec for 200-V devices. 


Gate turn off thyristor is described briefly in the next section. The latest semiconductor 
device to enter the family of thyristors is MOSFET-controlled thyristor (MCT) and this is 
already described in Chapter 2. 


4,11. GATE TURN OFF (G.T.O.) THYRISTOR 


A gate turn-off thyristor, a pnpn device, can be turned on like an ordinary thyristor by a 
pulse of positive gate current. In inverter and chopper circuits, a thyristor can be turned off 
by forced commutation. For such applications, a GTO is, however, a more versatile device ; 
it can be easily turned off by a negative gate pulse of appropriate amplitude. GTOs were 
developed sometimes in the late 1960s but these could not find commercial use because of 
certain performance problems. Only recently, modern technology has helped in the improved 
performance of GTOs and these are now being used in several commercial inverters. 


As no forced commutation circuitry is required for GTOs, inverters using these devices 
are compact and cost less. The negative gate current required to turn off a GTO is quite a 
large percentage (20 to 30%) of anode current prior to commutation. For example, an 800 A 
GTO will require a negative current pulse of 200 A peak for turning it off. Fig. 4.50 (a) gives 
the circuit symbols of a GTO. The symbols shown in (a) (i) and (i) are self explanatory, gate 
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(a) (6) 
Fig. 4.50. Gate turn-off thyristor (a) circuit symbol and (6) its static V-I characteristics. 
current can go in for turning on and out for turning off. But the symbol a (iii) looks easy 
when circuit configurations using GTOs are to be drawn. 
4.11.1. Static V-I Characteristics of GTOs 
Typical static V-1 characteristics for a GTO thyristor are shown in Fig. 4.50 (0). It is 
seen from these characteristics that latching current for large power GTOs is several amperes 
(here 2A) as compared to 100-500 mA for conventional thyristors of the same rating. If gate 
current is not able to turn on the GTO, it behaves like a high voltage, low gain transistor 
‘with considerable anode current. This leads to a noticeable power loss under such conditions. 
4.11.2. Switching Performance 
. Abasic gate drive circuit for a GTO is shown in Fig. 4.51 (a). For turning-on a GTO, first 
transistor TR1 is turned on, this in turn switches on TR2 to apply a positive gate-current 
pulse to turn on GTO. For turning off the GTO, the turn-off circuit should be oapable of 
outputting a high peak current. Usually, a thyristor is used for this purpose. In Fig. 4.51 (a), 
turn-off process is initiated by gating thyristor T1. When T1 is turned on, a large negative 
gate current pulse turns off the GTO. 
Gate turn-on. The turn-on process for a GTO is similar to that of a conventional thyristor. 
Gate turn-on time for GTO is made up of delay time, rise time and spread time like a thyristor. 
Further, turn-on time in a GTO can be decreased by increasing its forward gate current as 


in a thyristor. 

Gate turn-off. The turn-off characteristics of a GTO are different from those of an SCR. 
Before the initiation of turn-off process, a GTO carries a steady current J,, Fig. 4.51 (6). This 
figure shows a typical turn-off dynamic characteristic for a GTO. The total turn off time ¢, is 
subdivided into three different periods ; namely the storage period (¢,), the fall period (tf and 
the tail period (¢,). In other words, 

t,=t, + ty+t,. 


Initiation of turn-off process starts as soon as negative gate current begins to flow after 
t=0. The rate of rise of this gate current depends upon the gate circuit inductance and the 
gate voltage applied. During the storage period, anode current J, and anode voltage (equal 
to on-state voltage drop) remain constant. Termination of the storage period is indicated by 
a fall in J, and rise in V,. During t,, excess charges, i.e. holes, in p-base are removed by 
negative gate current and the centre junction comes out of saturation. In other words, during 
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storage time ¢,, the negative gate current rises to a particular value and prepares the GTO 
for «fring of (or commutation) by flushing out the stored carriers. After t,, anode current 
begins to fall rapidly and anode voltage starts rising. As shown in Fig. 4.51 (b), the anode 
current falls to a certain value and then abruptly changes its rate of fall. This interval during 
which anode current falls rapidly is the fall time ty, Fig. 4.51 (6) and is of the order of 
1 psec [4]. The fall period tf, is measured from the instant gate current is maximum negative 


to the instant anode current falls to its tail current. 


TR? GTO 


Spike voltage 


Cy Tail. current 
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hte ty tee 
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(a) () 
Fig. 4.51. (a) Basic gate-drive for a GTO 
(b) voltage and current waveforms during turn-off of a GTO. 

At the time ¢ =¢, +t, there is a spike in voltage due to abrupt current change. After tp, 
anode current i, and anode voltage v, keep moving towards their turn-off values for a time 
t, called tail time. After t,, anode current reaches zero value and uv, undergoes a transient 
overshoot due to the presence of R,, C, and then stabilizes to its off-state value equal to the 
source voltage applied to the anode circuit. Here R, and C, are the snubber circuit parameters. 
The turn-off process is complete when tail current reaches zero. The over shoot voltage and 
tail current can be decreased by increasing the size of C,, but a compromise with snubber 
loss must be made. The duration of t depends upon the device characteristics [4]. 


GTO has the following disadvantages as compared to a conventional thyristor : 
(i) Magnitude of latching and holding currents is more in a GTO. 
Gi) On state voltage drop and the associated loss is more in a GTO. 
(ii) Due to the multicathode structure of GTO, triggering gate current is higher than 
that required for a conventional SCR. 
(iv) Gate drive circuit losses are more 
(v) Its reverse-voltage blocking capability is less than its forward-voltage blocking 
| capability. But this is no disadvantage so far as inverter circuits are concerned. 
In spite of all these demerits, GTO has the following advantages over an SCR : 


(i) GTO has faster switching speed. 


Thyristors {Art. 4.12] 129 


(it) Its surge current capability is comparable with an SCR. 
' (ii) It has more di/dt rating at turn-on. 

(iv) GTO circuit configuration has lower size and weight as compared to SCR circuit 
unit. 

(v) GTO unit has higher efficiency because an‘increase in gate-drive power loss and 
on-state loss is more than compensated by the elimination of forced commutation 
losses. 

(vi) GTO unit has reduced acoustical and electromagnetic noise due to elimination of 

« commutation chokes. 


In view of the above facts, GTO devices are now being used for (a) high-performance drive 
systems, such as the field-oriented control scheme used in rolling mills, robotics and machine 
tools [4], (b) traction purposes because of their lighter weight and (c) adjustable-frequency 
inverter, drives. At present, GTOs with ratings up to 2500 V and 1400 A are available. 


4.12, FIRING CIRCUITS FOR THYRISTORS 

An SCR can be switched from off-state to on-state in several ways ; these are 
forward-voltage triggering, dv/dt triggering, temperature triggering, light triggering and 
gate triggering, see Art. 4.2. The instant of turning on the SCR catinot be controlled by the 
first three methods listed above. Light triggering is used in some applications, particularly 
in a series-connected string. Gate triggering is, however, the most common method of turning 
on the SCRs, because this method lends itself accurately for turning on the SCR at the desired 
instant of time. In addition, gate triggering is an efficient and reliable method. In this section, 
firing circuits for thyristors are studied in detail. 


4.12.1. Main Features of Firing Circuits 

As stated above, the most common method for controlling the onset of conduction in an 
SCR is by means of gate voltage control. The gate control circuit is also called firing, or 
triggering, circuit. These gating circuits are usually low-power electronic circuits. A firing 
circuit should fulfil the following two functions. : 

() If power circuit has more than one SCR, the firing circuit should produce gating pulses 
for each SCR at the desired instant for proper operation of the Power circuit. These pulses 
must be periodic in nature and the sequence of firing must correspond with the type of 
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Fig. 4.52. A general layout of the firing circuit scheme for SCRs. 
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thyristorised power controller. For example, in a single-phase semiconductor using two SCRs, 
th@ triggering circuit must produce one firing pulse in each half cycle; in a 3-phase full 
converter using six SCRs, gating circuit must produce one trigger pulse after every 60° 
interval. — , 

(ii) The contro] signal generated by a firing circuit may not be able to turn-on an SCR. 
It is therefore common to feed the voltage pulses to a driver circuit and then to gate-cathode 
circuit. A driver circuit consists of a pulse amplifier and a pulse transformer. 

A firing circuit. scheme, in general, consists of the components shown in Fig. 4.52. A 
regulated de power supply is obtained from an alternating voltage source. Pulse generator, 
supplied from both ac and dc sources, gives out voltage pulses which are then fed to pulse 
amplifier for their amplification. Shielded cables transmit the amplified pulses to pulse 
transformers. The function of pulse transformer is to isolate the low-voltage gate-cathode 
circuit from the high-voltage anode-cathode circuit. Some firing circuit schemes are described 
in this section. 

4.12.2. Resistance and Resistance-Capacitance Firing Circuits 

Rand RC firing circuits are not in commercial use these days. These are presented here 
for the sake of highlighting the basic principles of triggering the SCRs. They offer simple and 
economical firing circuits [3]. 

(a) Resistance firing circuits. As stated above, resistance trigger circuits are the simplest 
and most economical. They however, suffer from a . 
limited range of firing angle control (0° to 90°), great : 
dependence on’ temperature and difference in 
performance between individual SCRs. 

Fig. 4.53 shows the most basic resistance 
triggering circuit. R, is the variable resistance, R is 
the stabilizing resistance. In case R, is zero, gate 
current may flow from source, through load, R, D and 
gate to cathode. This current should not exceed 
maximum permissible gate current J,,. R, can 
therefore, be found from the relation, 

Y, V, 
R, SIgm or Ry2 r «(4.20 a) 
where V,, = maximum value of source voltage 

It is thus seen that function of R, is to limit the Fig. 4.53. Resistance firing circuit. 
gate current to a safe value as R, is varied. 


Resistance R should have such a value that maximum voltage drop across it does not 
exceed maximum possible gate voltage V,,,, This can happen only when R, is zero. Under this 


condition, 


Yn _.RSY, 
Ri+R en 
Vem R 
: gm 1 
or Ray (4.20 B) 


As resistances R, R, are large, gate trigger circuit draws a small current. Diode D allows 
the flow of current during positive half cycle only, i.e. gate voltage v, is half-wave dc pulse. 
The amplitude of this dc pulse can be controlled by varying R. 
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The potentiometer setting R, determines the gate voltage amplitude. When R, is large, 
rent i is small and the voltage across R, i.e. v, = IR is also small as shown in Fig. 4.54 (a), 
i V,p (peak of gate voltage v,) is less than V,, (gate trigger voltage), SCR will not turn on. 
Therefore, load voltage ug = 0, iy = 0 and supply voltage uv, appears as vp across SCR as shown 
in Fig. 4.54 (a). Note that trigger circuit consists of resistances only, v, is therefore in phase 
with source voltage v, In Fig. 4.54 (6), R, is adjusted such that Vip = Vz, This gives the value 
of firing angle as 90°. The various current and voltage waveforms are shown in Fig. 4.54 (b). 
In Fig. 4.54 (c), Vip > Viz. AS Soon as v, becomes equal to V,, for the first time SCR is turned 
on. The resistance triggering cannot give firing angle beyond 90°. Increasing v, above Ver 
turns on the SCR at firing angles less than 90°. When U, reaches V,, for the first time, SCR 
fires, gate loses control and v, is reduced to almost zero (about 1 V) value as shown. It may 


vt 


~ a<90° 


(a) (b) () 
Fig. 4.54. Resistance firing of an SCR in a half-wave circuit with de load 
(a) No triggering of SCR (6) a= 90° (¢) a < 90°, 


also be seen that firing angle can never be equal to zero degree however large Vp may be ; 


it can, of course, be brought nearer (2°-4°) to zero degree firing angle. A relationship between 
i gate voltage V,,, and gate trigger voltage V,, may be expressed as follows : 


Vp sin a= Vee 
or a= sin * (V,,/V_p) 
i V,,R 
» Since Vip = R,+R,+R 


éeg@ia Vir: (Ry + Ry +R) 
VR 


; As V,, Ry, R and V,, are fixed, a« sin?) (R,) or ax Ry. 


This shows that firing angle is proportional to R2. As R, is increased from small value 
(ie. small a), firing angle increases. In‘aily case, « can never be more than 90°. 
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As'the firing angle control is from 0° (approximately) to 90°, the half-wave power output 
can be controlled from 100% (for o = 0°) down to 50% (for a = 90°). 

Example 4.23. Discuss what would happen to the circuit of Fig. 4.53 in case load is shifted 
between terminals a and b. 

. Solution. In the circuit of Fig. 4.53, when SCR is on, voltage vp across it is almost zero 
(actually about 1 to 1.5 V) and therefore voltage across Rj, Ro, D, Ris also nearly zero. As a 
result, trigger supply voltage uv, is reduced to zero after SCR turn-on. There is thus hardly 
any gate current and the associated gate power loss is zero during the time SCR is conducting 
in Fig. 4.53. 

In case load is shifted between terminals a and b, the circuit may still-operate. But after 
SCR turn-on, the circuit comprising of Ry, Ro,D and gate to cathode would be subjected to 
source voltage. This would cause an increased gate current and the associated gate power 


loss would be more during SCR turn on. Such an happening would certainly burn out the 
gate circuit and destroy the SCR. This shows that load should never be connected between 
terminals a and 6 in Fig. 4.53. : 

(b) RC firing circuits. The limited range of firing angle control by resistance firing 
circuit can be overcome by RC firing circuit. There are several variations of RC trigger circuits. 
Here only two of them are presented. 

'@) RC half-wave trigger circuit. Fig. 4.55 illustrates RC half-wave trigger circuit. By 
varying the value of R, firing angle can be controlled 
from 0° to 180°. In the negative half cycle, capacitor 
C charges through D2 with lower plate positive to 
the peak supply voltage V,, at at=~- 90°. After 
wt = - 90°, source voltage v, decreases from — Vi_ at 
wt =-90° to zero at wt=0°, During this period, 
capacitor voltage uc may fall from -V,, at 
wt =—90° to some lower value -oa at w= 0° as 
shown in Fig. 4.56. Now, as the SCR anode voltage 
passes through zero and becomes positive, C begins 
to charge through variable resistance R from the 
initial voltage -oa. When capacitor charges to 
positive voltage equal to gate trigger voltage V,,, SCR is fired and after this, capacitor holds 
to a small positive voltage, Fig. 4.56. Diode D1 is used to prevent the breakdown of cathode 
to gate junction through D2 during the negative half cycle. An examination of Fig. 4.56 reveals 
that firing angle can never be zero and 180°. 

In the range of power frequencies, it may be empirically shown [3] that RC for zero output 
voltage is given by 


Fig. 4.55. RC half-wave trigger circuit. 


ro2ist.4 A421) 
2 o 
where T= 7 = period of ac line frequency in seconds. 


The SCR will trigger when v, = Vy, +04, where vg is the voltage drop across diode D1. At 
the instant of triggering, if v, is assumed constant, the current J,, must be supplied by voltage 
source through R, D1 and gate to cathode circuit. Hence the maximum value of R is given by 


1 
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0,2 RI,, +0, 


or v,2 RI, + Ve t+ Ug 
u,- Vi. -v, 
or Rs d (4,22) 


I, 

gt 

where v, is the source voltage at which thyristor turns on. Approximate values of R and C 
can be obtained from Eqs. (4.21) and (4.22). 


me r 
¥s Vm Siti wt 


(2n+0) 


(a) (6) 
Fig. 4.56. Waveforms for RC half-wave trigger circuit of ' 
Fig. 4.55 (a) high value of R (6) low value of R. 

When SCR triggers, voltage drop across it falls to 1 to 1.5 V. This, in turn, lowers the 
voltage across R andC to this low value of 1 to 1.5 V. Low voltage across SCR during 
conduction period keeps C discharged in positive half cycle until negative voltage cycle across 
C appears. This charges C to maximum negative voltage — V,, as shown in Fig. 4.56 by dotted 
line. In Fig. 4.56 (a), Ris more, the time taken for C to charge from ~oa to (Vig + Ug) = Var is 
more, firing angle is more and therefore average output voltage is low. In Fig. 4.56 (6), R is 
less, firing angle is low and therefore average output voltage is more. 

(a) RC full-wave trigger circuit. Asimple RC trigger circuit giving full-wave output voltage 
is shown in Fig. 4.57. Diodes D1—D4 form a full-wave diode bridge. In this circuit, the initial 
voltage from which the capacitor C charges is almost zero. The capacitor C is set to this low 
Positive voltage (upper plate positive) by the p-%o 
clamping action of SCR gate. When capacitor i 
charges to a voltage equal to Vz, SCR triggers 
and rectified voltage uv, appears across load as 


vp. The value of RC is calculated by the 7 . 
empirical relation [3], a ; - ie 
=Vmsinwt = 
RC>50 ; = 4 wn (4.23) “SMSO ax/ cea 
oe ex +—_! 


As per Eq. (4.22), the value of R is given 
by Fig. 4.57. RC full-wave trigger circuit. 
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Tet 
where v, is the source voltage at which thyristor turns on. In Fig. 4.58 (a), firing angle a is 
more than 90° and in Fig. 4.58 (6), « < 90°. ns 

4.12.3. Unijunction Transistor (UJT) 

Resistance and RC triggering circuits described above give prolonged pulses. As a result, 
power dissipation in the gate circuit is large. At the same time, R and RC triggering circuits 
cannot be used for automatic or feedback control systems. These difficulties can be overcome 
by the use of UJT triggering circuits. 

Pulse triggering is preferred as it offers several merits over R and RC triggering. Gate 
characteristics have a wide spread, Fig. 4.9. Pulses can be adjusted easily to suit such a wide 
spectrum of gate characteristics. The power level in pulse triggering is low as the gate drive 
is discontinuous, pulse triggering is therefore more efficient. As pulses with higher gate 
current are permissible, pulse firing is more reliable and faster. In this section, first UJT is 
described along with its characteristics and then its use as a relaxation oscillator for 
triggering. SCRs is presented. 


Ney sin wt 


(a) (6) 
| Fig. 4.58. Wave-forms for RC full-wave trigger circuit of 
Fig. 4.57 (a) high value of R (6) low value of R. 


An UUJT is made up of an n-type silicon base to which p-type emitter is embedded, Fig. 
4.59 (a). It has three terminals, namely the emitter E, base-one B, and base-two By. Between 
bases B, and Bp, the unijunction behaves like an ordinary resistance. Rg, and Rgp are the 
internal resistances respectively from bases B, and B, to eta point A, Fig. 4.59 (a). Its symbolic 
representation is given in Fig. 4.59 (6) and its equivalent circuit in Fig. 4.59 (c). 

When a voltage Vaz is applied across the two base terminals B, and Bz, the potential of 
point A with respect to B, is given by 

Vaz Ran 
Vig = Ra = 
ABL” Rg + Rpg” Re + Ree 
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R, ; 
where n = = —21 — is called the intrinsic stand-off ratio, Typical values of 1 are 0.51 to 0.82. 
RaitRp * 


J interbase resistance Rpg = Rg, + Rgo is of the order of 5~10 kQ. 


B2 


81 


(a) (6) (c) 
Fig. 4.59. (a) Basic structure of UJT (6) symbolic representation and 
(c) its equivalent circuit. 

Let a voltage V, be applied between emitter E and base B, so that EZ is positive with 
respect to B,, Fig. 4.59 (c). Let this voltage be increased from zero. As long as the emitter. 
voltage V,<1 Vpz, the E ~B, unijunction (or p — n junction) is reverse biased and emitter 
current J, is negative as shown by the curve PS in Fig. 4.60. When the emitter voltage V, is 
equal to n Vaz + Vp at point B, I, is positive and E - B, junction begins to conduct. Here Vp. 
is the forward voltage drop of E - B, junction. 

Point B is called the peak point and the 

_ corresponding emitter potential and current are Yep 
denoted by V, (peak-point voltage) and | ae 
(peak-point current) respectively. At point B,when y 
V. = Van + Vp, the emitter starts to inject holes ” 
into the lower base region 1. Because of the § } 
increased number of carries in the base region, H Se foe 
resistance Rp, of E-B, junction decreases. As a et 
result, potential of eta point A, Fig. 4.59 (c), falls f[T™. \ 472. 
and therefore current f,, due to voltage V,, a ; 
increases. Thus the device exhibits a negative 

resistance region, this is shown by BC in Fig. 4.60. 

In this region, an increase in current I, is 

accompanied by a decrease of emitter voltage V,. 

At point C, entire base region is saturated and 

resistance Rp, does not decrease any more. A 

further increase in I, is accompanied by a rise in voltage V,. This curve is given by CQ. Point 

C is called the valley point ; V, and I, are the corresponding emitter potential and current. 

The negative resistance region between peak and valley points in Fig. 4.60 gives UJT the 

switching characteristics for use in SCR triggering circuits. 

JT oscillator triggering. The unijunction transistor is a highly efficient switch ; its 

switching time is in the range of nanoseconds. Since UJT exhibits negative resistance 


PO lp Iv Te 


Fig. 4.60. V-J characteristics of UJT. 
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characteristics, it can be used as a relaxation oscillator. Fig. 4.61 (a) shows a circuit diagram 
with UJT working in the oscillator mode. The external resistances R,,R, are small in 


comparison with the internal resistances Rpy, Rg of UIT bases. The charging resistance R 
should be such that its load line intersects the device characteristics only in the negative 
resistance region. 

In Fig. 4.61 (a), when source voltage Vaz is applied. capacitor C begins to charge through 
R exponentially towards Vpz. During this charging. emitter circuit of UJT is an open circuit. 
The capacitor voltage v,, equal to emitter voitage ¢,. 1S given by 

v. =u, = Vp (1 er 

The time constant of the charge circuit is t, =RC. 


Ve 
Capacitor NWeat¥ Capacitor 


(a) b , 
Fig. 4.61. UJT oscillator (¢) Connection diagram pie) (b) Voltage waveforms. 

When this emitter voltage v, (or U,) reaches the peak-point voltage V, (= Vaz + Vp), the 
unijunction between E - B, breaks down. As a result, UJT turns on and capacitor C rapidly 
discharges through low resistance R, with a time constant ty =R,C. Here t, is much smaller 
than 1. When the emitter voltage decays to the valley-point voltage V,, UJT turns off. The 
time T required for capacitor C to charge from initial voltage V, to peak-point voltage V,, 
through large resistance R, can be obtained as under : 


V,=1 Vap+ Vp= Vy + Vap (1 a en TRC) 
Assuming Vp=V,, nae 7") 
or peteRc In (—- 44.24) 
f 1-4 


In-case T is taken as the time period of output pulse duration (neglecting small discharge 
time), then the value of firing angle a, is given by 
a, =0T=aRC In 7 + 4.25) 
where w is the angular frequency of UJT oscillator. : 
The amplitude of pulse voltage is obtained by drawing a load line B b for R, as shown in 
Fig. 4.60. The vertical projection of Bb, equal to xy, gives the voltage pulse amplitude. With 
the discharge of capacitor, the operating points B and 6 move towards C. For points p and 
q, the pulse amplitude is x11. Eventually, point C is reached at which pulse voltage is zero, 
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then the operating point shifts to a, Fig. 4.60. The potential of eta point A is Vp, but that 
of the emitter is V, which is less than nV pp. As a result, E — B, unijunction is reverse biased 


d ceases to conduct, the UJT turns off and goes into blocking mode. Capacitor C now again 
arges from V, = V, to voltage nVgp + Vp, E — B, unijunction breaks down and the above cycle 


repeats. ‘ 

If the output voltage pulses are used for triggering an SCR, resistance R, should be 
sufficiently small so that normal leakage current drop across R,, when UJT is off, is not able 
to trigger the SCR. In other words, 


Vep-Ry | 
Rup +f, +R, < SCR trigger voltage V,, 
where Rpg = Rp, + Ry2 


The emitter-diode forward characteristics vary with temperature in such a manner that 
Vp decreases and Rpp increases with temperature. In order to provide compensation against 
this thermal effect, the value of R, used in Fig. 4.61 should be calculated from the relation 

' 10¢ 
Ro= 
nV ep 

The width of triggering pulse is sometimes taken equal to R,C. 

In case load line for R intersects the UJT characteristics in the region CQ, Fig. 4.60, the 
intersecting point will result in stable operating point and: the circuit then cannot work as 


an oscillator. This fact fixes the maximum and minimum values of charging resistor R and 
the oscillator output frequency. 


The maximum value of R is determined by the peak-point values V, and J,. When voltage 
across C reaches V,, the voltage across R is Vz —- V,- 


_Vaa~V,_Vep~ (Ves + Vo) 


++(4,26) 


“ Rnaz T, r. 427A) 
The minimum value of R, governed by valley-point values V, and J, is given by 
Vaz — V, 
Rein = as 7 (4,276) 


uv 


Example 4.24. A relaxation oscillator using an UJT, Fig. 4.61 (a), is to be designed for 
triggering an SCR. The UJT has the following data : 


n= 0.72, 1, =0.6 mA, V,=18.0 V, V,=1.0V,I,=2.5 mA, Rgx=5 kQ, Normal leakage 
clerrent with emitter open =4.2 mA. 
The firing frequency is 2 kHz. For C = 0.04 uF, compute the values of R, R, and Ry. 


Solution. The value of charging resistor R, from Eq. (4.24), is 


6 
R= zr. st 7" 10 77 = 9.82 ka 
a aa rein 2000 x 0.04 In 555 
' As Vp is not given, V,= Ven . 
V, 
Vg = 2 = 18.0 «05 v 


n 0.72 
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’ 10¢ 
From Eq. (4.26), Ro= D apy gg 7 955.552 
With emitter open, Vpn = Leakage current (R, +R, + Rgz) 
Ry= —— ~ 5000 - 555.55 Q = 396.83 = 397 Q 
42x10 


Example 4.25. If the firing frequency of the SCR in Example 4.24 is changed by varying 
charging resistor R, obtain the maximum and minimum values of R and the corresponding 
frequencies. 


Solution. 
25 (1 - 0.72 
(4.17 Ropag = ot =O) = 11.67 
From Eq. (4.17), max Oe 10°8 kQ 
25.0- 1.0 
=9.6kQ 
min” 2.5 x 107° 
1 1 
From Eq. (4.24), fain = 7,7 
mex Rox C In Tn 
3 
2 10 5 = 1682.8 Hz = 1.683 kHz 
11.67x 0.04 In 555 
and fn = ——2°° —— = 2048.7 His = 2.05 kHz 
9.6 x 0.041n 555 


Synchronized UJT triggering (or Ramp triggering). A synchronized UJT trigger 
circuit using an UJT is shown in Fig. 4.62. Diodes D, - D, rectify ac to de. Resistor R, lowers 


Vj, to a suitable value for the zener diode and UJT. Zener diode Z functions to clip the rectified 
voltage toa standard level V,, which remains constant except near the V,, zero, Fig. 4.63. 
This voltage V, is applied to the charging circuit RC. Current i, charges capacitor C at a rate’ 
determined by R. Voltage across capacitor is marked by v, in Figs. 4.62 and 4.63. When voltage 
v, reaches the unijunction threshold voltage nV,, the EZ — B, junction of UJT breaks down and 
the capacitor C discharges through primary of pulse transformer sending a current i, as 
shown in Fig. 4.62. 


To SCR 
GATES 


Fig. 4.62. Synchronised UJT trigger circuit. 


er 


‘ 
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SS a 

As the current i, is in the form of pulse, windings of the pulse transformer have pulse 
voltages at their secondary terminals. Pulses at the two secondary windings feed the same 
in‘phase pulse to two SCRs of a full-wave circuit. SCR with positive anode voltage would turn 
on. As soon as the capacitor discharges, it starts to recharge as shown. Rate of rise of capacitor 
voltage can be controlled by varying R. The firing angle can be controlled up to about 150°. 
This method of controlling the output power by varying charging resistor R is called ramp 
control, open-loop control or manual control. 

As the zener diode voltage V, goes to zero at the end of each half cycle, the synchronization 
of the trigger circuit with the supply voltage across SCRs is achieved. Thus the time ¢, equal 
to a/w, when the pulse is applied to SCR for the first time, will remain constant for the same 
value of R. Small variations in the supply voltage and frequency are not going to effect the 
circuit operation. 


(a) (6) 
: Fig. 4.63. Generation of output pulses for the circuit of Fig. 4.62. 

In case R is reduced so that v, reaches UJT threshold voltage twice in each half cycle as 
shown in Fig. 4.63 (6), then there will be two pulses in each half cycle. As the first pulse will 
be able to turn-on the SCR, second pulse in each cycle is redundant. 

Ramp-and-pedestal triggering. Ramp and pedestal triggering is an improved version 
of synchronized-UJT-oscillator triggering. Fig. 4.64 shows the circuit for ramp-and-pedestal 
triggering of two SCRs connected in antiparallel for controlling power in an ac load. This 
trigger. circuit can also be used for triggering the thyristors in a single-phase semiconverter 
or a single-phase full converter. The various voltage waveforms are shown in Fig. 4.65. 


poe, 


Fig. 4.64. Ramp and pedestal trigger circuit for ac load. 
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ener diode voltage V, is constant at its thresh-hold voltage. R, acts as a potential divider. 
Wigfr of R, controls the value of pedestal voltage V,¢, Diode D allows C to be quickly charged 
to V,g through the low resistance of the upper portion of R,. The setting of wiper on Ry is 
such that this value of V,, is always less than the UJT firing point voltage nV,. When wiper 
setting is such that V,, is small, Fig. 4.65 (a), voltage V, charges C through R. When this 
ramp voltage uv, reaches nV,, UJT fires and voltage u,, through the pulse transformer, is 


Ven SIM Wt ‘ Vq sin ut 


{a) (6) 

Fig. 4.65. Waveforms for ramp-and-pedestal circuit of Fig. 4.64. 
transmitted to the gate circuits of both SCRs T1 and T2. The forward biased SCR T1 is turned 
on. After this, v, reduces to V,g and then to zero at wt =n. As v, is more than V,,, during the 
charging of capacitor C through charging resistor R, diode D is reverse biased and turned off. 
Thus V,q does not effect in any way the discharge of C through UJT emitter and primary of 
pulse transformer. From 0 ton, T1 is forward biased and is turned on. From 7 to 2n, T2 is 
forward biased and is turned on. In this manner, load is subjected to alternating voltage vg 
as shown in Fig. 4.65. ; 

With the setting of wiper on R,, pedestal voltage Vz on C can be adjusted. With low 
peltental voltage across C, ramp charging of CtonVz takes longer time, Fig. 4.65 (a) and 
firing angle delay is therefore more and output voltage is low. With high pedestal on c, 
voltage-ramp charging of C through R reaches Vz faster, firing angle delay is smaller, Fig. 
4.65 (6) and output voltage is high. This shows that output voltage is proportional to the 
pedestal voltage. 

The time T required for the capacitor to charge from pedestal voltage V,, to nV, can be 
obtained from the relation 

7 AV, = Veg + (V; — Ving) (1 - 77?) 


Note that (V, - V,q) is the effective voltage that charges C from V,, to nV,. From above 


aid 
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vV_-V, 
a z— "pd 
; | T=RCIng Gy £4.28) 
and the firing angle delay a, is given by 
: V,-V, 
=@RC In A429 
abate ACE ‘ 


4.13. PULSE TRANSFORMER IN FIRING CIRCUITS 

Pulse transformers are’ used quite often in firing circuits for SCRs and GTOs. This 
transformer has usually two secondaries. The turn ratio from primary to two secondaries is 
2:1:10r1:1: 1. These transformers are designed to have low winding resistance, low 
leakage reactance and low inter-winding capacitance. The advantages of using pulse 
transformers in triggering semiconductor devices are : 

f () the isolation of low-voltage gate circuit from high-voltage anode circuit and 
(ii) the triggering of two or more devices from the same trigger source. 

A square pulse at the primary terminals of a pulse transformer may be transmitted at 
its secondary terminals faithfully as a square wave or it may be transmitted as a derivative 
of the input waveform. The conditions governing the operation of a pulse transformer in these 
two functional modes are now examined. 

Ageneral layout of the trigger circuit using a pulse transformer is shown in Fig. 4.66 (a). 
Here the function of the diode is to allow the flow of current after the pulse period (i.e. when 
the transistor is off) so that energy stored in the primary of pulse transformer is dissipated. 


RL Pulse transt 


T2 


Aa Pulse 
transformer 


—ob 


xa) 
Fig. 4.66. (a) Puise transformer trigger circuit (6), (c) and (d) its equivalent circuits. 


; In Fig. 4.66 (a), the transistor is acting simply as a switch, turning on when the pulse 
applied to its base is at its high level, thereby connecting the dc bias Vz to the transformer 


primary. The advantage of this arrangement are two fold : 
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(a) There need not be a variable strength pulse generator since the pulses may be of the 
same amplitude and the strength of the generated pulses may be increased simply by varying 
the dc bias voltage. 


(b) The operation of the circuit becomes independent of the pulse characteristics since the 
only role the pulse plays is to turn-on or turn-off the transistor. Therefore, there is no effect 
of pulse distortion (e.g. pulse edges or any spike superimposed on the pulse) on the working 
of this circuit. 

In Fig. 4.66 (a), R, limits the current in the primary circuit of pulse transformer. Its 
equivalent circuit is drawn in Fig. 4.66 (6), where L is the magnetizing inductance of the 
pulse transformer and R, is the resistance of gate-cathode circuit of an SCR. Fig. 4.66 (c) 


2 
shows the transfer of R, to pulse transformer primary as R, = m R,, This circuit can be 
2 


analysed by applying Thevenin’s theorem at the terminals a b. Fig. 4.66 (d) is the Thevenin’s 


equivalent circuit, where 


The voltage equation for Fig. 4.66 (d) is 


Vo=Ryit LS 
Ry RyRy. , di 
or VeR +h, R,+R,) oat 
a . 7 (Rit Rr) di 
or veer it R, \e ; 
ae eee ._ Vp oe, 
Its solution is given by i=R l-e L@,+R) 
te L 


The voltage across L appears as the output voltage. The magnitude of this voltage from 
pulse transformer is 
di_ Va Ry RR, 


e-La-R aR,” DR, +R) 
oe Va - Ry/L)t 
or e= R,tR, e +(4.30) 
RR, 
where Ro- BER, 


Depending. upon the values of Ry andL, there are two functional modes of pulse 
transformer. 


(a) If L is so large as compared with Ry that = > 10 T, where T is the pulse width (Fig. 
0 
4.67) of the input signal at G, then from Eq. (4.30), 


R. 
=I a €/10T) 


¢- VaR eR, 


For ¢=0, eo= VaR GR, 
1 
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=T, = i 
and for t=T, e7= V3 >—- R, 5 a 


R, 
°1 = 0,904V3 5 - 
1 


+R, = 9-904 


Thus the fall in the pulse level during the transmission through the pulse transformer 


at ¢=T is very small. This shows that when es 10T, the input pulse is faithfully 


Ry 


transmitted as square pulse at the output terminals of pulse transformer as shown in Fig. 


4.67 (a). 
L. T 
) If Ro is so large as compared with L that Ry <I 
R, en 0/7) 
e-VaR TR, 
R, 
For ¢'= 0, €o Ve Ri Rr 
= -10_ ) 
and for ¢=T, er=Vz R, +R, 0.0000453 - Vz 
LT , F 
This shows that for R “10° the input pulse is 
0 


transmitted in the form of exponentially decaying 
pulses as:shown in Fig. 4.67 (6). It is seen that for a 
step rise in input voltage, the pulse transformer output 
is a positive pulse. In other words, the input signal is 
transmitted as a derivative of the input waveform for 
a step rise. Likewise, for a step fall in input voltage, a 
negative pulse appears at the pulse transformer 
output. Fig. 4.67 (6). The operation of the pulse 
transformer in this mode can be achieved by using a 
small value of L, i.e. by using an air core for the pulse 
transformer, 


It can thus be inferred from above that the deciding 
factor in. the waveshape of the output pulses from a 
pulse transformer is its inductance. If the pulse 
transformer has large inductance, the pulses are 


then from Eq. (4.30). 


ie ey = 0.0000453 eg, 


input voltage. 


vot iz | 


(6) 
Fig. 4.67. Output voltage waveform 


of : pulse transformer for 


(a) % > 10Tand (6) 10 <t 


faithfully reproduced and if the inductance is small, the pulses are exponentially decaying 


pulses. 


The negative going pulses can be easily removed by using a clipper. 
The amplitude of the trigger voltage at the secondary terminals of pulse transformer is 


N2 R, 
“eon, ORR, 


The magnitude of Vz should be large enough to produce trigger voltage V, “zt at the gate 


circuit of SCR for its reliable turn on, Le. 
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N, R, 
or | Va2Veur N, [+#] 
: ‘N,Y 
But ; R,= [x] R, 
2 
-vpev Maly (M2) 2] sae 
Bo lHN, N, Re | ; w(t. 


In practice, exponentially decaying trigger pulses of Fig. 4.67 (6) are preferred due to the 
following reasons : 
(i) This pulse waveform is suitable for injecting a large charge in the gate circuit for 
reliable turn on. 

(ii) The duration of this pulse is small, therefore no significant heating of the gate circuit 
is observed. 

(iii) For the same gate-cathode power, it is permissible to raise Vg to a suitable high 
value so that a hard-drive of SCR is obtained. A device with a hard-drive can 
withstand high di/dt at the anode circuit which is desirable. 

(iv) The size of the pulse transformer is reduced. For an extended pulse, large L (with 
iron-core) is required which increases size and cost of the pulse transformer. 


4.14, TRIAC FIRING CIRCUIT 
A triggering circuit for a triac using a diac is discussed in this section. 


Fig. 4.68 shows a triac firing circuit employing a diac. In this circuit, resistor R is variable 
whereas resistor R, has constant resistance. 
When R is zero, R, protects the diac and triac 
gate from getting exposed to almost full supply 
voltage. Resistor R, limits the current in the 
diac and triac gate when diac turns on. The 
value of C and potentiometer R are so selected 
as to give a firing angle range of nearly 
0° and 180°. In practice, however, a triggering 
angle range of 10° to 170° is only possible by the 
firing circuit of Fig. 4.68. 

Variable resistor R controls the charging 
| of the capacitor C and therefore the firing 


angle of the triac. When R is small, the charging 
time constant, equal to (R, + R) C, is small. Therefore, source voltage charges capacitor C to 


diac trigger voltage earlier and firing angle for triac is small. Likewise, when R is high, firing 
angle of triac is large. 


Fig. 4.68. Firing circuit for a triac using a diac. 


When capacitor C (with upper plate positive) charges to breakdown voltage Vj, of diac, 


diac turns on. As a consequence, capacitor discharges rap lly thereby applying capacitor 
voltage v, in the form of pulse across the triac gate to turn it on. After triac turn-on at firing 


angle a, source voltage v, appears across the load during the positive half cycle for (n ~ a) 
radians. When uv, becomes zero at wt =n, triac turns off. After ut = x, uv, becomes negative, the 
capacitor C now charges with lower plate positive. When v, reaches V4, of diac, diac and triac 


4 
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turn on and v, appears across the load during the negative half cycle for (x — a) radians. At 
wt + 2n, triac turns off again and the above process repeats. 

The waveforms for v,, u,, vp and Ug are shown in Fig. 4.69 (a) for minimum R and in Fig. 
4.69 (6) for maximum R. Here v, is the source voltage, uv, is the voltage across capacitor, vp 
is the voltage across triac and vg is the output or load voltage. After triac turn-on, capacitor 
C holds to a small positive voltage. 


4 


' a 6) 
Fig. ti: Waveforms for triact firing circuit using a dios an 
(a) pot. R adjusted to minimum and (b) pot. R adjusted to maximum. 

The waveforms shown in Fig. 4.69 are for 
idea] circuit components in Fig. 4.68. In fact, 
this circuit produces unsymmetrical 
waveform for the positive and negative half 
cycles of load voltage. This asymmetry is, to 
some extént, due to triac characteristics but 
it is mainly due to hysteresis present in the 
capacitor, This means that when », is zero, 
v, is not zero. In other words, capacitor 
retains some charge of the initial voltage 
applied across its plates when source voltage Fig. 4.70. Commercial triac firing circuit 
falls to zero. The waveforms for positive and using a diac, 
negative half cycles can, however, be made 
symmetrical if additional resistance R, and capacitor C, are employed as shown in Fig. 4.70. 
This circuit is commercially used for controlling the power in lamp dimmers, heat convertors, 
speed control of fans etc. For inductive loads, snubber circuit must be used across the triac. 


Example 4.26. The firing circuit for a triac using a diac, Fig. 4.68, has the following data : 


R,=10002, R=zeroto 250000, C=0.5 uF, 
V, = 230 V at 50 Hz, Diac breakdown voltage = 30 V. 


Find the magnitude of maximum and minimum firing-angle delays for the triac. The effect 
of load impedance may be neglected. 
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Solution. When the diac is not conducting, the current through R,, R and C is given by 


1/2 
' Vs ofl 
. h-Z where Z=|(R, +R) + oC 


’ ‘ 2451/2 
When R =0: z =| 1000? «(10° _ 
7 2nx 50x 0.5 


= [1000 + 6366,27]'”? = 6444.3. 
-11/@C _, 1 6366.2 _ 
R, +R" “yo99 = 81-07 
230 /0° 
6444.3 / ~ 81.07° 


+. Voltage across capacitor V, =1, - X, 


I, leads V, by an angle =tan 


Y= 


i _ 230 /81.07° afi = . 
= 64443 x 6366.2 / — 90° = 227.2 / - 8.93' 


or v, = V2 - (227.2) sin (wt - 8.93°) 
When capacitor voltage v, reaches the breakdown voltage of the diac, the triac firing angle 
a, is given by : 
v, = V2 - (227.2) sin (0, ~ 8.93°) = 30 V 


or oy = sin’? 30 + 8.98° = 14.9" 
When R = 250009: . 2 = [26000" + 6366.27)” = 26768 2 
stan"? [se0e3 |- 13.76° 
he 230 /0° 
26768 / - 13.76° 
V,= 280 Cae" x 6366.2 / - 90° = 54.7 / - 76.24° 
or v, = V2 x 54.7 sin (wot — 76.24°) 


When v, equal 30 V, let the firing angle be a, 


V2 x 54.7 sin (a2 — 76.24°) = 30 V 
or Oy =sin™? (wexsaz}* 76.24° = 99.06" 
Thus the maximum and minimum values of firing-angle delays are 
99.06° and 14.3° respectively. 
4.15. GATING CIRCUITS FOR SINGLE-PHASE CONVERTERS 
A gate trigger circuit for thyristors in phase-controlled rectifiers should possess the 
following : 
@) A circuit for the detection of zero crossing of the input voltage. 
(ii) Generation of trigger pulses of required waveshape. 
{ 


salen 


Thyristors [Art. 4.15] 147 


(i) DC power supply for pulse amplifier. 
. (iv) Gate trigger circuit isolation from the line potential by means of pulse transformers 
or optocouplers. ' 


Power circuit 


Gate pulse 
isolation 
transformer 


Fig. 4.71. Block diagram of a thyristor gating circuit. 

A general block diagram for gate trigger circuit for single-phase converter is shown in 
Fig. 4.71. The gating circuit consists of synchronizing transformer, diode rectifier, zero 
crossing detector, firing-angle delay block, pulse amplifier, gate-pulse isolation transformer 
and power circuit for the converter. 

‘Synchronizing mid-tapped transformer steps down the supply voltage suitable for zero 
crossing detector and for delivering de supply Vec to gate trigger circuit. The zero crossing 
detector converts ac synchronizing input voltage into ramp voltage and synchronizes this 
ramp voltage with the zero crossing of the ac supply voltage as shown in Fig. 4.72. In the 
firing-angle delay block, the constant amplitude ramp voltage is compared with control 
voltage Ey. When rising ramp voltage equals control voltage Eo, a pulse signal of controlled 
duration is generated as shown in Fig. 4.72. These signals are indicated as vu; for thyristors 
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1 dnd 2 and u, for thyristors 3 and 4 for the power circuit of Fig. 4.71. If Eg is lowered, firing 
angle decreases and in case Eg is raised, firing angle increases. This shows that firing-delay 
angle is directly proportional to the control signal voltage. The pulse output from the 
firing-delay angle block are next fed to a pulse amplifier circuit. The amplified pulses are 
then used for triggering thyristors 1, 2,3 and 4 through gate-pulse isolation transformers as 


shown. 
Synchronizing 


Transf. voltage 


Ramp voltage from 
zero C.D. 


fo) mn (+a) 20 an (3m+0) on wt 
Fig. 4.72. Waveforms for the circuit of Fig. 4.71. 


4.15.1. Gate Pulse Amplifiers 

Pulse output from integrated circuits (ICs) may be directly fed to gate-cathode circuit of 
a low-power thyristor to turn it on. But in high-power thyristors, trigger-current requirement 
is high. Therefore, pulses derived from ICs must be amplified and then fed to thyristor for 
its reliable ‘turn on. In a thyristor, anode circuit is subjected to high voltage whereas gate 
circuit works at a low voltage. Therefore, an isolation is essential between a thyristor and 
the gate-pulse generator. As stated before, this isolation is provided by an optocoupler or a 
pulse transformer. 

A pulse-amplifier circuit for amplifying the input pulses is shown in Fig. 4.73. It consists 
of a MOSFET (or a transistor), a pulse transformer for isolation and diodes D1, D2. When a 
voltage of appropriate level is applied to the gate of MOSFET, it gets turned on. As a result, 
most of the dc voltage Voc appears across transformer primary and corresponding pulse 
voltage is induced in the transformer secondary. This amplified pulse on the secondary side 
is applied to gate and cathode of a thyristor to turn it on. When pulse signal applied to the 
gate of MOSFET goes to zero, MOSFET turns off. The primary current due to Ve tends to 
fall and likewise flux in core also tends to decrease. Due to this tendency, a voltage of opposite 
polarity is induced in both primary and secondary windings of pulse transformer. Diode D1 
on the secondary side of pulse transformer prevents the flow of negative gate current due to 
the reverse secondary voltage when MOSFET is off. Reverse voltage in primary, however, 
forward biases diode D2 when MOSFET is off. Current flow is thus established in the circuit 
consisting of primary, R and D2. As a consequence, energy in the transformer magnetic core 
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gets dissipated in R and the core flux gets reset. In case pulse width at the secondary terminals 
, is'to be increased, then a capacitor C is connected across R as shown in Fig. 4.73 (5). 


Vee 


Vee2 I5V 


a 


+ 
Pulse 
signal 

! C) (6) 

Fig. 4.73. Pulse amplifier circuit using a MOSFET for a thyristor trigger circuit 

(a) short-pulse output (5) long-pulse output. 


' 4.15.2, Pulse Train Gating 
Pulse gating is not suitable for inductive, i.e. RL loads, because initiation of thyristor 
conduction is not well defined for these types of loads. This difficulty for such situations can 


ow MOSFET ow MOSFET ‘ 
(a) 


Puise 
Trans 
Nee :. : 
02 : : H 
oe uae 
R } : i 
‘i : : : 
v v, i H } 
° Jano) ; MOSFET * : : i 
Ri H H 
a3 H H 
[55s ] i 
Timer : : ra 


(a) (6) 
Fig. 4.74. Pulse train gating (a) circuit (6) waveforms. 
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be oveycome by triggering the thyristor continuously. Continuous gating, however, suffers 
from s§me disadvantages like increased thyristor losses and distortion of output pulse due 
to saturation of pulse transformer by continuous pulse. In order to overcome these 
shortcomings of continuous gate signal, a train of firing pulses is used to turn on a thyristor. 
A pulse train of gating signal is also called high-frequency carrier gating.’A pulse train can 
be generated by modulating the pulse width at a high frequency (10 to 30 kHz) as shown in 
Fig. 4.74. 

Acircuit for generating a pulse train is shown in Fig. 4.74 (a). This circuit consists of an 
AND-logic gate, 555 timer, MOSFET, isolation pulse transformer and diodes D1, D2. The 
pulse signal v;, obtained from the thyristor trigger circuit and shown in the top of Fig. 4.74 
(6), is fed to AND gate. The output u, of the timer 555 as shown is also fed to the AND gate. 
The duty cycle of the timer should be less than 50% in order to allow the transformer flux to 
reset. The pulse signal v; and timer output uv, are processed in the AND gate to get the 
waveform output v, as shown. The output from AND gate is then applied to pulse amplifier 
circuit to augment the amplitude of v, to v,,. The amplified output waveform u,, is then 
applied across gate-cathode terminals of a thyristor to turn it on. 


4.16. COSINE FIRING SCHEME 

Cosine firing scheme for thyristors in single-phase converters is shown in Fig. 4.75, The 
synchronizing transformer steps down the supply voltage to an appropriate level. The input 
to this transformer is taken from the same source from which converter circuit is energized. 
The output voltage v, of synchronizing transformer is integrated to get cosine-wave v2. The 
de control voltage Ec varies from maximum positive £,,, to maximum negative E,,, so that 


—Ecmo 


Fig. 4.75. Cosine firing scheme for triggering thyristors. 
firing angle can be varied from zero to 180°. The cosine wave v, is compared in comparators 
1 and 2 with EZ, and-£,, When E, is high as compared to v2, output voltage vg is available 
from comparator 1. Same is true for comparator 2. So the comparators 1 and 2 give output 
pulses v, and v, respectively as shown in Fig. 4.76. It is seen from this figure that firing angle 
is governed by the intersection of v2 and E,. When E, is maximum, firing angle is zero. Thus, 
firing angle o in terms of V,,, and Z, can be expressed as 


Von C08 0 = BE, 
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a=cos"! «(4,82) 


c 
Or vD 
v Vom 
where V,,, = maximum value of cosine signal vp. - 
4 . 
4 


Vm sinwt 


(x+a) an 3x K(3m +a) wt 
Fig. 4.76. Waveforms for cosine firing scheme of Fig. 4.75. 

The signals vg, v, obtained from comparators are fed to clock-pulse generators 1, 2 to get 
clock pulses vs, vg as shown in Fig. 4.76. These signals vs, v, energise a JK flip flop tu generate 
output signals v; and v;. The signal vu; is amplified through the circuit of Fig. 4.74 (a) and is 
then employed to turn on the SCRs in the positive half cycle. Signal v, after amplification, 
is nis to trigger SCRs in the negative half cycle. 


‘or a single-phase full converter, average output voltage is given by 


2V, : 
Vo= ce cos O (4.33) 
Substituting the value of a from Eq. (4.32) in Eq. (4.33), we get 
2V,, -1 E, | [2V, 1 
Vo= = 08 [ex Ven, —s Wel E, 


(4.34) 


' Vo =kE, 
This shows that cosine firing scheme provides a linear transfer characteristic between 
the average output voltage V, and the control voltage E,. This scheme, on account of its linear 
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transfer characteristic, improves the closed-loop response of the converter system. This 
feature has made the cosine firing scheme quite popular in industrial applications. 


PROBLEMS 


4.1. (a) What is a thyristor ? How has this term been coined ? Name the most popular thyristor. 

(b) Give constructional details of a typical thyristor. Sketch its schematic diagram and the circuit 
symbol. 

(c) Describe the different modes of operation of a thyristor with the help of its static V—J charac- 
teristics. 

4,2. Enumerate the various mechanisms by which thyristors can be triggered into conduction. 
Discuss briefly the techniques which result in random turn-on. But the other/others leading to reliable 
turn-on of thyristors should be described in detail. 

4.3. (a) Define latching and holding currents as applicable to an SCR. Show these currents on its 
static V -J characteristics. 

(b) Describe, with a sketch, the effect of gate current on the forward breakover voltage of an SCR. 

(c) Discuss the methods of turning-on of a thyristor with its gate disconnected. 

(d) What are the necessary conditions for turning-on of an SCR ? Discuss. 

4.4, (a) Define turn-on and turn-off times as applied to an SCR. 

» (b) Draw switching (or dynamic) characteristics of a thyristor during its turn-on and turn-off 
processes. Show the variation of voltage across the thyristor and current through it during these two 
dynamic processes. Indicate clearly the various intervals into which turn-on and turn-off times can be 
subdivided. Discuss briefly the nature of these curves. 

4.6. (a) Can a forward voltage be applied to an SCR soon after its anode current has fallen to zero? 
Explain. ! 

(0) A forward voltage is applied to an SCR soon after its reverse recovery current drops nearly to 
zero value. Discuss what would happen to the SCR. : 

(c) Discuss the importance of di/dt rating during the turn-on process of a thyristor. 

4.6, (a) Discuss the conditions which must be satisfied for turning on an SCR with a gate signal. 

(b) A thyristor is conducting a forward current. Discuss the basic requirements for commutating 
(turning-off) this SCR. 

(c) Bring out clearly how the anode current expands over the cathode surface area during turn-on 
process of a thyristor. 

4.7; (a) Is turn-on time of an SCR constant ? On what factors does it depend ? 

(b) Is turn-off time of a thyristor constant ? What factors influence its value ? 

(c) An SCR, during its turn-on process, has the following data : 


Anode voltage 600 V | vp=0V 
Anode current | OA | 100 A 


During the turn-on time of 5 1s, the anode current and anode voltage vary linearly. If triggering 
frequency is 100 Hz, find the average power loss in the thyristor. 

[o Hint. : Pay -4), Vith q ' [Ans.: (c) 5 Watts] 

4.8. (a) Justify the statement, “Higher the gate current, lower is the forward breakover voltage”. 

(6) What is hard-driving for a thyristor ? What are its advantages ? Draw a typical waveform for 
gate current for a thyristor. 
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(c) For an SCR, the gate-cathode characteristic is given by a straight line with a gradient of 20 
volts per ampere passing through origin. The maximum turn-on time is 4 ys and the minimum gate 
cugrent required to quick turn-on is 400 mA. If the gate source voltage is 15 V, calculate the resistance 
to’be connected in series ard the gate-power dissipation. 

Given that pulse width is equal to the turn-on time and the average power dissipation is 0.2 W, 
compute the maximum triggering frequency that will be possible when pulse firing is used. 

[Ans: (c) 17.5Q, 15.625 kHz] 

4.9. (2) Draw thyristor gate characteristics showing the six gate ratings as specified by the 
manufacturers. Indicate clearly the preferred gate drive area. Are there any other gate ratings in 
addition to the six mentioned above ? If yes, describe this/these briefly. 

(b) The gate-cathode characteristic of an SCR is given by V, = 0.5 + 8 J,. For a triggering frequency 
of 400 Hz and duty cycle of 0.1, compute the value of resistance to be connected in series with the gate 
circuit. The rectangular trigger pulse applied to the gate circuit has an amplitude of 12 V. The thyristor 
has average gate-power loss of 0.5 watts. 


[sine: (b) S= - or pulse width, T= i = 250 ps. As T is more than 100 ps, de data apply 
1 
' [Anris: (a) Peak gate—power dissipation and peak reverse gate voltage 
(0) 4.23.9) 


4.10. (a) Draw the gate input characteristics of a batch of thyristors indicating the upper and lower 
limit loci and explain why this variation exists. 

(b) Draw the circuit model of a triggering circuit connected to the gate-cathode terminals of a 
thyristor. Explain the purpose of connecting a resistor across the gate circuit of an SCR. 

(c) A thyristor data sheet gives 1.5 V and 100 mA as the minimum value of gate-trigger voltage 
and gate-trigger current respectively. A resistor of 20 Q is connected across gate-cathode terminals. For 
a trigger supply voltage of 8 V, compute the value of resistance that should be connected in series with 
gate circuit in order to ensure turn-on of the device. [Ans: (6) 37.143 Q} 

4.11. (a) Draw thyristor gate V-I characteristics indicating clearly the gate drive limits. Explain, 
with the help of these characteristics, the selection of an operating point and the choice of gate circuit 
parameters. ‘ 

Discuss also how turn-on time and jitter can be minimised, 

(6) In case gating signal for an SCR consists of a train of pulses instead of continuous de signal, 
explain how the frequency of triggering and other factors are decided, 

(c) A thyristor is triggered by a train of pulses of frequency 4 kHz and of duty cycle 0.2. Calculate 
the pulse width. In case average gate power dissipation is 1 W, find the maximum allowable gate power 
drive. [Ans: (c) 50 ps, 5 W] 

4.12. (a) Discuss the function of connecting a 

(i) diode across gate-cathode terminals, 
(ii) diode in series with gate circuit, 
Git) a resistor across gate-cathode terminals. 

(6) How are the magnitudes of gate-voltage and gate-cur- 0 
rent influenced by temperature rise in a thyristor ? 

(c) During turn-off of a thyristor, idealized voltage and 
current waveforms are shown in Fig. 4.77. For a triggering 


voltage 


frequency of 50 Hz, find the mean power loss due to turn-off Aree 
loss. 300A 
Also obtain the reversed recovery charge. Fig. 4.77. Pertaining to Prob. 4.12. 


[Hine () P,=4 Va] [Ans: (c) 17, 900 uC] 
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4.13. (a) Discuss the two-transistor model of a thyristor. Using this model, describe the varipus 
mechanisms of turning-on a thyristor. : 

(6) Enumerate the operational differences between thyristor-family of devices and the transistor- 
family of devices. . 

4.14, (2) Which current rating of an SCR is the most important ? 

(b) What is the difference between repetitive-current and surge-current ratings of a thyristor ? 

’ (c) What are Vora and Very ? Are these ratings different from each other for a thyristor ? 

(d) Is it possible to exceed rms current rating of an SCR? 

{e) What are Vpwy and Vppy ? Which rating is low ? 

(f) An SCR has maximum rms current rating of 78.5 A. Find its maximum average current rating. 

(Ans: (a) Rmscurrent (c) Vppy = Vary (d) No (e) Vow islow (f) 50 AJ 

4.15. (c) Describe the various anode voltage ratings as applicable to an SCR. Indicate these voltage 
ratings on a relevant voltage waveform. 

(b) Discuss the significance of du/dt in case of thyristors. 

(c) Explain why an SCR is derated when it handles pulsed anode current as compared to its rating 
for constant de current. 

(d) The average current rating of an SCR decreases as its conduction angle is reduced. Explain. 

4.16, (a) The derating of an SCR is more for sine waves than for the square (or rectangular) waves, 
Explain. : 

Sketch the curves showing average power dissipation as a function of average forward current for 
different conduction angles for both sine and square waves. 

(b) What is the effect on average current rating of an SCR in case inductance is inserted in the 
anode circuit ? Discuss, 

(c) The specification sheet for an SCR gives maximum rms on-state current as 50 A. If this SCR is 
used in a resistive circuit, compute its average on-state current rating for conduction angles of 30° and 
60° in case current waveform is (i) half-sine wave and (ii) rectangular wave. 

meee {Ans: (c) 30° (i) 12.56 (ii) 14.434 A ; 60° (i) 18.00.A (ii) 20.412 A} 

4.17. (a) If a forward voltage is applied to an SCR which is below its breakover voltage, it may well 
switch on, particularly if the voltage is applied rapidly. Explain why this is so. a 

Discuss, how the effect mentioned above can be minimized. 

(0) A thyristor is placed between a constant dc voltage source of 240 V and resistive load R. The 
specified limits for di/dt and dv/dt for the SCR are 60 A/microsecond and 300 V/microsecond respec- 
tively. Determine the values of the di/dt inductor and the snubber circuit parameters. Take damping 
ratio as 0.5. 

Discuss how these parameters may be modified to suit the working conditions in the circuit. 

Derive the various expressions used. 

[Ans: (6) Computed values : 4 pH, § Q, 0.16 uF 
modified values : 6.4 pH, 8 Q, 0.12 jF) 

4.18. (a) Snubber circuit for an SCR should primarily consist of capacitor only. But, in actual 
practice, a resistor is used in series with the capacitor. Discuss. 

(6) R,LandC in an SCR circuit meant for protecting against du/dt and di/dt are 
4, 6H and 6 uF respectively. If the supply voltage to the circuit is 300 V, calculate permissible 
maximum values of dv/dt and di/dt. 

(Hint: (5) Rate of change of voltage across the thyristor at f= 0 
when the supply is switched on is given by 
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duy pp di le V, _ 300 
dt =R, ate where [,,= R747 75 Aete] {Ans: (5) 50 A/ps, 212.5 Was} 
" 
4.19, Following are the specifications of a thyristor operating from a peak supply of 500V: 
Repetitive peak current, I, = 250A 


di) | du) 
(zi), <0 a/m, (Gi J..-200 V1 
Take a factor of safety of 2 for the three specifications mentioned above. Design a suitable snubber 
circuit'if the minimum load resistance is 20 9. Take &=0.65. [Ans: 17H, 6Q, 0.5uF) 
4.20.'(a) Discuss how a thyristor may be subjected to internal and external overvoltages. Describe 
the methods adopted for suppressing such overvoltages in thyristor systems. 


(6) During the turn-off process in a thyristor, the reverse recovery current of 10 A is interrupted in 
a time interval of 4 1s. The thyristor is connected in series with an inductance of 6 mH with no resistance 
in the circuit. If the source voltage during turn-off process is ~ 300 V, calculate 


(i) peak voltage across the thyristor when reverse current is interrupted and 

(ii) the value of snubber circuit resistance in case snubber capacitance C,=0.3 nF and damping 
ratio is 0.65. {Ans; (6) -15.3kV, 183.85 9) 

4.21, (a) Explain the methods adopted for the protection of SCRs against overcurrents. 

(b) A thyristor, having maximum rms on-state current of 45 A, is used in a resistive circuit. Compute 


its average on-state current rating for half-sine wave for conduction angles of a and n/2, 


; (Ans: (b) 16,198 A, 20.26 A} 

4.22, (a) Describe electronic crowbar protection scheme employed for the overcurrent protection of 
power converters. : 

(6) Draw a circuit diagram illustrating the protection of both anode and gate circuits of an SCR. 
Describe briefly the function of various components used. ' 

4.23. (a) Enumerate the various abnormal conditions against which thyristors must be protected. 

(b) Describe the significance of di/dt and du/dt in SCRs. 

(c) Degcribe, with the help of a circuit diagram, the function of various components used for the 
protection of gate circuit of a thyristor. : 

4.24, (a) Discuss briefly the different components of power loss that occur in a thyristor during its 
working. Which of the power loss component / components is / are dominant at power frequencies and 
which at high frequencies ? 

(6) Give the concept of thermal resistance. Describe the analogy between thermal and electrical 
quantities. 

(c) Draw the thermal equivalent circuit for an SCR and discuss the various parameters involved 
in it. 

(d) Describe any one method of designing the heat sinks for thyristors. 

4.25, (a) For thyristors, various mounting techniques are based on their thermal considerations. 
Discuss these mounting techniques with relevant diagrams. 

(6) A thyristor is rated to carry full-load current with an allowable case temperature of 100°C, for 
maximum allowable junction temperature of 125°C and thermal resistance between case and ambient 
as 0.5°C/W, Find the sink temperature for an ambient temperature of 40°C. Take thermal resistance 
between sink and ambient as 0.4°C/W. [Ans : (6) 88°C] 

4.26. A thyristor is rated to carry an rms current of 100 A. Its maximum allowable junction 
temperature is 125°C. 
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t rating of the SCR. 
6b) If this SCR is used jn'a single-phase half-wave circuit with resistive load, find the maximum 
allowable average current for firing angles of a, = 30° and a = 120°. 
(c) For part (6), determine the sink temperatures if average powers dissipated are 200 W for 
ct, and 150 W for og. The value of thermal impedances are : 
1 Oe = 0.15° C/W, ©,,=0.07°C/W foro, 
and Qj, = 0.16°C/W, 8.5 = 0.08°C/W for a2. 
[Ans: (a) 100A (0) 60.273 A, 25.118 A (c) 81°C and 89°C} 
4.27. A thyristor string is made up of a number of SCRs connected in series and parallel. The string 
has voltage and current ratings of 11 kV and 4 kA respectively. The voltage and current ratings of 
available SCRs are 1800 V and 1000 A respectively. For a string efficiency of 90%, calculate the number 
of series and parallel connected SCRs. 
For these SCRs, maximum off-state blocking current is 12 mA. Determine the value of static 
equalizing resistance for the string. Derive the formula used for this resistance. 
i c 
{Ans: Series-7, Parallel-5, R = 22.22 kQ) 


4.28. For the thyristors of Prob. 4.27, maximum difference in their reverse recovery charge is 25 
microcoulombs. Compute the value of dynamic equalizing capacitance of this string. Derive the formula 
used for the computation of this capacitance. [Ans: C = 0.094 1 F] 

4.29. Three series-connected thyristors, provided with static and dynamic equalizing circuits, have 
to withstand an off-state voltage of 8 kV. The static equalizing resistance is 8 kQ and the dynamic 
equalizing circuit has R, = 40 Q and C = 0.06 pF. These three thyristors have leakage currents of 25 mA, 
23 mA and 22 mA respectively. Determine voltage across each SCR in the off-state and the discharge 
current of each capacitor at the time of turn on.[Ans: 2500 V, 2540 V, 2560 V; 62.5 A, 63.5 A, 64A] 

4.30. In a power circuit, four SCRs are to be connected in series. Permissible difference in blocking 
voltage is 20 V for a maximum difference in their blocking currents of 1 mA. Difference in recovery 
charge is 10 1C. Design suitable equalizing circuit. i 

[Ans: Static equalizing resistance = 20 k Q; shunt capacitance = 0.5 uF) 

4,31. (a) Discuss how SCRs suffer from unequal voltage distribution across them during their 
turn-on and turn-off processes. 

(b) A number of SCRs, each with a rating of 2000 V and 50 A, are to be used in series-parallel 
combination in a circuit to handle 11 kV and 400 A. For a derating factor of 0.15, calculate the number 
of SCRs in series and parallel units. 

The maximum difference in their reverse recovery charge is 20 microcoulombs. Calculate (i) the 
value of dynamic equalizing capacitance and (ii) the voltage across each of the slow thyristors in case 
ond series-connected SCR is fast. [Ans: (b) ,=7, np= 10, C=0.04 uF, 1500 V) 

4,82. Define string efficiency for series / parallel connected SCRs. Show that string efficiency of two 
series connected SCRs is usually less than one. 

Derive an expression for the resistance used for static voltage equalization for a series connected 
string. 

4.38. Describe how two series connected SCRs are subjected to unequal voltage distribution during 
their dynamic conditions. Derive an expression for capacitance C used in the dynamic equalizing circuit 
for n series connected SCRs. 

{ 4.84. Show that string efficiency for two parallel connected SCRs is usually less than one. 

Discuss the problems associated with the parallel operation of SCRs and how these are overcome. 

4.35. (a) Describe briefly the following members of thyristor family. 


of If this thyristor is made to carry direct current continuously, find the maximum allowab!> 
cu : 
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PUT, SUS, SCS, SITH 

Mlustrate your answer with suitable diagrams. 

(b) Draw the cross-sectional view of the diac and explain how it can conduct in both the directions. 

(c) Give the cross-sectional view of a triac and explain its turn-on process with relevant diagrams. 
Hence show that a triac is rarely operated in first quadrant with negative gate current and in third 
quadrant with positive gate current. . 

4.36. (a) Describe LASCR. Give its industrial applications. 

(5) Discuss how a triac may sometimes operate in the rectifier mode. 

(c) Enumerate the advantages of ASCR and RCT over conventional thyristors. 

4,37, (a) How does a GTO differ from a conventional thyristor. Give its circuit symbol and static 
V-~-I characteristics. Under what conditions, it may work as a low gain transistor ? 

(b) Discuss the turn-off process ina GTO with the help of appropriate voltage and current 
waveforms. 

(c) Give the merits and demerits of a GTO as compared to a conventional thyristor. 

4.38. (a) Discuss the features that the firing circuits for thyristors should possess. 

Give the general layout of a firing circuit scheme and explain the function of various components 
used in it. ' 

(b) Describe the resistance firing circuit used for triggering SCRs. Is it possible to get a firing angle 
greater than 90° with resistance firing ? Illustrate your answer with appropriate waveforms. 

4,39, (a) For resistance firing circuits show that firing-delay angle is proportional to the variable 
resistance. : 

(d) Resistance firing circuit is used for triggering an SCR in a laboratory. This SCR is destroyed by 
a batch of students inadvertently. 

Anew SCR with the same apecification number is installed. But it is found that maximum firing 
angle attained is 75° only. Explain how the desired maximum firing angle of 90° can be obtained. 

[Ans: (5) Increase R, or Ry or else decrease R in Fig. 4.53] 


4.40. (a) Draw RC half-wave trigger circuit for one SCR and discuss the function of the various 
components used. 

Describe, with the help of waveforms, how the output voltage is controlied by varying the resistance. 
Draw the voltage waveform across SCR also. 

(b) Describe RC full-wave trigger circuit for one SCR when the load is (i) ac type (ii) de type. Relevant 
diagrams and waveforms should be drawn to illustrate your answer. : 

4.41, (a) Compare an UJT firing circuit with R and RC firing circuits. 

(b) A unijunction transistor, used in relaxation oscillator, has the following data : 

=067, I,=10 mA, V,=2.5V, I,=15 HA 

An oscillator, with an oscillation frequency of 1 kHz, is to be designed by using this UJT. Compute 
the values of charging resistor and external resistors needed in the base circuits. Take C= 0.4 pF and 
forward-voltage drop of E - B, junction as 0.5 V. Source voltage is 24 V de and triggering pulse width 
is 50 ps. [Ans: (6) R=2.772KQ, Rmar=495KQ, Rmin = 215K Q, Ro=621.9Q, Ry = 1250) 

4,42. (a) Explain the working of an oscillator employing an UJT. Derive expressions for the 
frequency of triggering and firing angle delay in terms of eta, charging resistance etc. 

(b) Arelaxation oscillator, using an UJT, is to be designed for triggering an SCR. The UJT has the 
following data : 

1=0.7, [)=0.5mA, Vp=15.0V, V,=0.8V, I,=2mA, Rgp=6k2. 


Normal leakage current with emitter open = 3 mA. 
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Whe firing frequency is 1.5 kHz. For C = 0.05 pF, compute the values of charging resistor and the 
external resistors connected in the base circuits. Take forward-voltage drop of E - B, junction as zero. 


(c) If the frequency of firing the SCR in part (b) is changed by varying charging resistor R, obtain 
the maximum and minimum values of R and the corresponding frequencies. 
[Ans: (6) 11.074kQ, 476.660, 666.6792 
: (c) 12.858k 2, 10.315k Q, 1.292kHz, 1.611 kHz] 
4.43. (a) The intrinsic stand-off ratio for an UJT is 0.65. Its interbase resistance is 10 k Q. Calculate 
the values of the interbase resistances. 


(b) Estimate the minimum and maximum values of charging resistor in the UJT oscillator circuit 
for manual trigger-angle control of a between 20° and 160° for 50 Hz supply. Assume 
C=0.4 uF and = 0.7. (Ans; (a) 6.5kQ, 3.51 Q, (6) 2.307k Q, 18.457 k Q] 


4.44, (a) Draw and explain the working of an: UJT oscillator. Discuss how the amplitude of output 
voltage pulse can be estimated in this oscillator. 


(6) Using a 15-V supply to an UUT, design the oscillator circuit for a frequency of 5 kHz. Data for 
UJT is as under : 
1 = 0,65 to 0.75, Rag = 4.7 to 9.1kQ 
Take C = 0.04 uF. Missing data may be assumed. 
(Hint: (b) Assume leakage current = 1.88 mA] 
[Ans: (>) R=4.153k Q, Ro=952.4Q, Ry = 126.30, Rag, = 6 kQ, 
Rin = 3K Q, finin = 3460.8 Hz, fina = 6921.6 Hz] 


4.48. Draw synchronized UJT trigger circuit using a zener diode. 


Describe it briefly with relevant voltage and current waveforms. 


Explain how synchronization of the trigger circuit with the supply voltage across SCR is achieved. 
In case charging resistor is small so that the capacitor voltage reaches UJT threshold voltage twice i in 
each half cycle, explain how the circuit operation is influenced. 


4.46. (a) Draw a circuit diagram for the ramp-and-pedestal trigger circuit used for a single-phase 
semiconverter: Describe its operation with appropriate waveforms. 
For this trigger circuit, derive expressions for the frequency of triggering and firing-angle delay in 
terms of eta, charging resistor etc. . 
(b) A firing circuit, using ramp-and-pedestal triggering scheme, has the following data : 
‘Charging resistor = 4k 0, charging capacitor = 0.2 pF, supply 
frequency = 50 Hz, n= 0.75, zener—diode voltage = 15 V. 
Compute the magnitude of firing angle in case pedestal voltage is (i) zero and (ii) 4 V. 
[Ans: (6) (i) 19.963° (ii) 15.496°] 
4.47. (a) Describe the use of pulse transformer in the triggering of SCRs and GTOs. With a suitable 


circuit, discuss the conditions under which the input pulse is faithfully transmitted or is transmitted 
in the form of exponentially decaying pulse. Which of these two functional modes is preferred and why? 


(6) The primary of a pulse transformer is connected in series with a transistor and a current limiting 
resistor R,. The data for the triggering circuit is as under : 


R,, = 500 Q, gate to cathode resistance = 200 2 
Primary to secondary turns ratio = > voltage required to trigger the SCR = 3 V. 
Compute the voltage applied to the circuit consisting of transformer primary, Ry, etc. Derive the 
expression used. [Ans: (6) 16.5 V] 
4,48, (a) Describe the trigger circuit for a triac using a diac. 


1 
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(8) A diac with a breakdown voltage of 35 V, Fig. 4.68, is used for triggering a triac. This circuit 
has R, = 10009, R = zero to 280k Q and C=0.1 pF. For a supply voltage of 230 V, 50 Hz ; calculate 


the maximum and minimum values of firing-delay angles for the triac. The effect of load impedance 
may be neglected. {Ans: (6) 156.5°, 7.98°] 

4.49. (a) Describe a gate trigger circuit for a single-phase full converter. Discuss how the adjustment 
of control voltage varies the firing-delay angle." 

(b) Describe a gate-pulse amplifier using a MOSFET. 
a 4,50. (a) Why pulse-train gating is preferred over pulse gating ? Explain, with relevant circuit and 
waveforms, the pulse-train gating of SCRs. 

(b) Why is the cosine-firing scheme so popular ? Describe a cosine-firing scheme for the triggering 
of thyristors. 


FIVE] 


Thyristor Commutation Techniques 


A thyristor is turned on by applying a signal to its gate-cathode circuit. For the purpose 
of power control or power conditioning, a conducting thyristor must be turned-off as desired. 
As stated before, the turn-off of a thyristor means bringing the device from 
forward-conduction state to forward-blocking state. The thyristor turn-off requires that (i) its 
anode current falls below the holding current and (ii) a reverse voltage is applied to thyristor 
for a sufficient time to enable it to recover to blocking state. Commutation is defined as the 
process of turning-off a thyristor. Once thyristor starts conducting, gate loses control over the 
device, therefore, external means may have to be adopted to commutate the thyristor. Several 
commutation techniques have been developed with the sole objective of reducing their turn-off 
(or commutation) time. 


The use of thyristor circuits in low-power converters has declined relatively. This is 
because of recent advances in semiconductor power devices leading to the availability of power 
transistors, GTOs and IGBTs. However, for high-voltage and high-current applications above 
about 1 kV and 0.5 kA, thyristor circuits offer popular circuit configurations. 


The classification of thyristor commutation techniques, as reported by various authors, 
is not the same. Here, an attempt is made to refer to all these classification techniques. 
Primarily, the classification of commutation techniques is based on the manner in which 
anode current is reduced to zero and on the configuration of the commutating circuits. 


Thyristor commutation techniques use resonant LC, or underdamped RLC circuits, to 
force the current and / or voltage of a thyristor to zero to turn off the device. Several 
power-electronic converters employ the circuit configurations used for describing the thyristor 
amp npironrs techniques. Therefore, a study of the various commutation techniques serves 
as ah introduction and leads to a better understanding of the transient phenomena occuring 
in power-electronic converters under switching conditions. 


The various commutation techniques are now described in this chapter. 


5.1..CLASS A COMMUTATION : LOAD COMMUTATION 


For achieving load commutation of a thyristor, the commutating components L and C are 
connected as shown in Fig. 5.1. Here F is the load resistance. For low value of R, L and C are 
connected in series with R, Fig. 5.1 (a). For high value of R, load R is connected across C, 
Fig,’ 5.1 (b). The essential requirement for both the circuits of Fig..5.1 is that the overall 


circuit must be underdamped. When these circuits are energized from de, current waveforms 
as shown on the right hand side of Fig. 5.1 are obtained. It is seen that current i first rises 


4 
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to maximum value and then begins to fall. When current decays to zero and tends to reverse, 
thyristor T fn Fig. 5.1 is turned-off on its own at instant A. é 


(a) 


(b) 
Fig. 5.1. Class A or load commutation (a) series capacitor (b) shunt capacitor. : 

_ Load, or class-A, commutation is prevalent in thyristor circuits supplied from a de source. 
The nature of the circuit should be such that when energized from a de source, current must 
have a natural tendency to decay to zero for the load commutation to occur in a thyristor 
circuit. Load commutation is possible in de circuits and not in ac circuits. Class A, or load, 
commutation is also called resonant commutation or self-commutation. A practical circuit 
employing load commutation is a series inverter which is described in Chapter 8. A simple 
example illustrating the basic principle of load commutation is given below : 

Example 5.1. The circuit shown in Fig. 5.2 (a) is initially relaxed. The thyristor T is 
turned on at t = 0. Determine (a) conduction time of thyristor and (b) voltage across thyristor 
and capacitor after SCR is turned off. Calculate these values for L=5 mH, C =20 uF and 
V, = 200 V. 

Solution. When thyristor is turned on, it behaves like a diode. Therefore, with SCR on, 
the device acts like a closed switch, Fig. 5.2 (6). KVL for this circuit gives 


di 1f. 
LS +h Jiat=v, 
Its solution, from Art. 3.1.4, is given by Eq. (3.9) which is repeated here. 
i =V, VE sin og 45.1) 
Here w = Te is called the resonant frequency of the circuit. 


Capacitor voltage, from Eq. (3.10a) is 
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Fig. 5.2. (a) and (6) Load commutation circuit (c) waveforms. 


v, (t) = V, (1 - cos wo t) «(5.2) 


It is seen from above equations that at time ¢ = tp ="/W@p, i(t)=0 and v, (t) =~ 2 V,. This 
shows that =/@ sec or m VLC sec after thyristor is closed at ¢=0, the charging current 
becomes zero, Fig. 5.2 (c) and thyristor is, therefore, turned off on its own. Here 

ty = conduction time of the thyristor = 1 VLC +(5.8) 

Voltage vz across thyristor during its conduction time ty is zero. When it stops conducting, 
up=— 2V,+V,=- V,. It implies that SCR is subjected to a reverse'voltage of V, which helps 
in its recovery. 


For the circuit parameters given, the calculations are as under : 


a 1 104 
Resonant freque: of the circuit, o) ==, -—_———; = 
aaa oo Vex 10° x 20x10 V10 
= 3162.27 rad/s. 
Conduction time of thyristor, t= re = au0 = 9.9346 x 10°45 
= 99.346 ms. 
Voltage across thyristor after it is turned off 
=-V,=-200V. 


5.2, CLASS B COMMUTATION : RESONANT-PULSE COMMUTATION 
For explaining class-B, or resonant-pulse, commutation, refer to Fig. 5.3 (a). In this figure, 
source voltage V, charges capacitor C/to voltage V, with left hand plate positive as shown. 


Main, thyristor T1 as well as auxiliary thyristor TA are off. Positive direction of capacitor 
voltage v, and capacitor current i, are marked. When T1 is turned on at ¢=0, a constant 


current I, is established in the load circuit. Here, for simplicity, load current is assumed 
constant. 


Sa a ee 
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Fig. 5.3. Teele puis commutation (a) circuit diagram tbh Cevniras: 

Uptill time ¢), v,=V,, i,=0, igp=Jy and in =I, Fig. 5.3 (6). For initiating the 
commutation of main thyristor T1, auxiliary thyristor TA is gated at ¢=2;. With TA on, a 
resonant current i, begins to flow from C through TA, L and back to C. This resonant current, 
with time measured from instant ¢,, is given by 


i,=-V, ¢ sin @) t=—J, sin @t . 


Minus sign before 7, sin @ ¢ is due to the fact that this current flows opposite to the 
reference positive direction chosen in Fig. 5.3 (a). 


Capacitor voltage u, (f) = é J i, dt 
= V, C08 Wp t (5.4) 


After half a cycle of i, from instant ¢,; i, = 0, vu, =— V, and ip, =I). After x radians from 
instgnt ¢,, ie. just after instant ty, as i, tends to reverse, TA is turned off at t.. With 
vu, =~ V,, right-hand plate has positive polarity. Resonant current i, now builds up through 
C,L,D andT1. As this current i, grows opposite to forward thyristor current of T1, net 
forward current ip, =1,-i, begins to decrease. Finally, when i, in the reversed direction 
attains the value J,, forward current in T1 (ip, =_Iy - Ip = 0) is reduced to zero and the device 
T1 is turned off at t,. For reliable commutation, peak resonant current f, must be greater 
than load current J). As thyristor is commutated by the gradual build up of resonant current 
in the reversed direction, this method of commutation is called current commutation, class-B 
commutation or resonant-pulse commutation. 
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“After T1 is turned off at t3, constant current I, flows from V, to load through 
C,L and D. Capacitor begins charging linearly from — V,, to zero at t, and then to V, atts. 
As a result, at instant ts, when v, = V,, load current ig =i, =I reduces to zero as shown. 


It is seen from the waveform of i, that main thyristor T1 is turned off when 


a ce . 
Vv, T_ Sin Wy (Fs — fo) = Lo 


.1{Lo 
or Wp (¢3 — tg) = sin rm (5.5) 
P 
Cc 
where I,=V, r= peak resonant current. 


_ Main thyristor Tl is commutated at ts. As constant load current Jp charges C linearly 
from - V,, at t to zero at t,, SCR T1 is reverse biased by voltage v, for a period (¢,— tg) =t,. 
.. Circuit turn-off time for main thyristor, 


v, 
t,=ty-ty= z (5.6) 


, Eq. (5.6) shows that t, is dependent on the load current. Waveform of capacitor voltage 
u, reveals that the magnitude of reverse voltage V,, across main thyristor T1, when it gets 
commutated, is given by 

Vay = Vz C08 Wp (ty — te) (5.7) 


Example 5.2. Circuit of Fig. 5.3 (a) employing resonant-pulse commutation (or class-B 
commutation) has C = 20 uF and L = 5 pH. Initial voltage across capacitor is V, = 230 V. For 


a constant load current of 300 A, calculate 
(a) conduction time for the auxiliary thyristor, 
(b) voltage across the main thyristor when it gets commutated and 
(c) the circuit turn-off time for the main thyristor. 


Solution. Peak value of resonant current, 


1-v, VE =230 = 460A 


6 
Resonant frequency, @= Fe" Ros =0.1x 10° rad/s 
(a) Conduction time for auxiliary thyristor 
t cd 
—= 31.416 ps. 
Pp 0.1x 10° . 


(6) From Eq. (6.5), @p (tg-t,) = sin” (io) 40.706 or 0.71045 rad. 


Voltage across main thyristor, when it gets turned-off, is given by Eq. (5.7). 
Va, = V, COS Wo (tz — te) = 230 cos (40.706°) = 174.355 V 


tee 
4 
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(c) Circuit turn-off time for main thyristor, from Eq. (5.6), is 


6 174.355 _ ; 
300 = 11-624 us. 


5.3. CLASS C COMMUTATION : COMPLEMENTARY COMMUTATION 


Mn Py Vis S 
t, = ty—t3=C T= 20x 10 
0 


(©) 
Fig. 5.4. Class-C commutation (a) and (8) circuit diagrams (c) waveforms. 
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In this type of commutation, a thyristor carrying load current is commutated by 
bpoaterring its load current. to ariother incoming thyristor. Fig. 5.4 (a) illustrates an 

angement employing complementary commutation. In this figure, firing of SCR T1 
commutates T2 and subsequently, firing of SCR T2 would turn off T1. 


Positive and negative ‘directions of voltages and currents are marked in Fig. 5.4 (a). In 
this figure, capacitor is supposed to be initially virgin i.e. uncharged. When T1 is turned on 


V, V, 
at ¢=0, current through R, is 7, = R, and Faroygh R, is i, = Rp , 8o that thyristor T1 current 
is i R, 


ig, =i, +i, =V, m2, ee to flow, Figs. 5.4 (6) and (c). Capacitor C begins charging 
through R, from v, = 0. 


he charging’ current through the circuit V,, C and R, is given by 


a) = . en RC 
R, 
and voltage across capacitor C is given by 
: u, (t) = V, (1-27 2%) 
Voltage across thyristor T2 is vy, =v, (t) 


After sometime, when transients are over, v,= Uz) =V, andi, decalys to zero. Also 
ip, = V,/R,. The waveforms for these currents and voltages are shown in Fig. 5.4 (c). 


When T1 is to be turned off, T2 is triggered. If T2 is turned on at ¢,, then capacitor voltage 
v, applies a reverse potential V, across Kee T1 and turns it off. In other words, at 


2v, 
ty, Ug =0, Up, =-V,, i= -k and iz, = V, z “7s In the circuit consisting of 
V,, Ry, C and T2, the capacitor voltage changes from V, to — V, as shown in Fig. 5.4 (c). 

For this circuit, KVL gives Ry, i, + ral Les adt=V, 


I, CV,| V, 
Its Laplace transform is R, - I, (s)+ +l a Fl. s 


&§ 


Its solution gives, i, (= = we URC 
1 


As this current i, (¢) flows opposite to the positive direction indicated in Fig. 5.4 (a), 


2v, 
i, )=- od e MRC (5.8) 


2 


2 ane a eo MRC, v| 


t 
Voltage across capacitor is _v,. (f) = E i, i,dt+ v| = [af 
0 


=V, [2e/*C_ 9) (5.9) 


Note that in Eqs. (5.8) and (5.9), time ¢ is measured from the instant ¢, The plots of 
Sree current i, (¢) from Eq. (5.8) and capacitor voltage v, (¢) from Eq. (5.9) are shown in 
1 


Fig. 5.4 (c). Current iz, falls from its value V, lr, + z,| to V,/R, with time constant R,C. 
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When transients are over after t,, ur, =V,,v,=—- V,,i, =0, vy =0,im=V,/R, and 


‘ 


=0. When T1 is turned on to commutate T2 at instant t3,i7,=0, ip) =V, lz") 
2 Ahy 


2vV, 
Re 

With the turn on of T2 at t;, capacitor voltage V, suddenly appears as reverse bias across 
T1 to turn it off. Similarly, at t,, capacitor voltage V, applies a reverse bias across T2 to turn 
it off. On account of this, class-C commutation is also called complementary impulse 
commutation. 

Waveforms for voltages and currents are drawn in Fig. 5.4 (¢). Waveform for vp, indicates 
that a reverse voltage — V, to zero appears across thyristor T1 for a certain period. This period, 
called circuit turn-off time t,, for T1 is given by 


om =0=V, (1-2e7 


Um =—- V,, 0m =0 and i, = 


or ‘ t= R, C In (2) (5.10 a) 
Similarly, circuit turn-off time for T2 is 
t.2 = Ry C In (2) .(5.10 6) 


Example 5.8. Circuit of Fig. 5.4 (a), employing class-C commutation, has 
V, = 200 V, R, = 10 Qand R, = 100 Q. Determine 

(a) peak value of current through thyristors T1 and T2 ° 

(b) value of capacitor C if each thyristor has turn-off time of 40 1s. Take a factor of safety 


2. 
‘ Solution. (a) An examination of Fig. 5.4 (c) reveals that 
: 2 1 2 
peak value of current through T1 =v) al 200 Ea + i09| =24A 
and peak value of current through T2 =V, lm + 2 
1 
7 2,1. 
= 200| 75 + 100 |° 42A 
___ fa 
(6) From Eq, (5.10 a), ; C= Fin @ in) 
2x40x10°° _ 
10 In @) = 11 542nF 
2x 40x 10°% 
From Eq. (5.10 5), C= Ooin a) 1542 HF 


So choose a capacitor of large size of 11.542 pF. 
5.4, CLASS D COMMUTATION : IMPULSE COMMUTATION 

For explaining class D, or impulse, commutation, refer to the circuit of Fig. 5.5 (a). In 
this figure, T1 and TA are calied main and auxiliary thyristors respectively. 
t Initially, main thyristor Tl and auxiliary thyristor TA are off and capacitor is assumed 
charged to voltage V, with upper plate positive. When T1 is turned on at t = 0, source voltage 
V, is applied across load and load current J) begins to flow which is assumed to remain 
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DP re one. 


\ =0 tr 2 
tN TIOFF = TA OFF 
ON TAON 


(a) (6) 
Fig. 5.5. Class-D commutation (a) circuit diagram (b) waveforms. 
constant. With T1 on at f = 0, another oscillatory circuit consisting of C, T1, ZL and D is formed 
where the capacitor current is given by 


inv, VE sin @)¢=J, sin wt 


When wo ¢=1, i,=0. Between 0<t< (t/a), ip; =1)+J, sin @t. Capacitor voltage 
changes from +V,to-V, co-sinusoidally and the lower plate becomes positive. At 
t=, ig=0, ip, =Ip and v, =- V,, Fig. 5.5 (6). 

At t,, auxiliary thyristor TA is turned on. Immediately after TA is on, capacitor voltage 
V, applies a reverse voltage across main thyristor T1 so that vy, =— V, att, and SCR T1 is 
turned off and i7, = 0. The load current is now carried by C and TA. Capacitor, gets charged 
from - V, to V, with constant load current Jy. The change is, therefore, linear from + V, to 
- V, as shown. When v, = V,, i, = 0 at t2, thyristor TA is turned off. During the time TA is on 
from f, to tg, v, = vp). For main thyristor T1, circuit turn-off time is ¢, as shown in Fig. 5.5 (6). 

With the firing of thyristor TA, a reverse voltage V, is suddenly applied across T1 ; this 
method of commutation is therefore, also called voltage commutation. With sudden 
appearance of reverse voltage across T1, its current is quenched ; in fact the current 
momentarily reverses to recover the stored charge of T1. As an auxiliary thyristor TA is used 
for turning-off the main thyristor T1, this type of commutation is also known as auxiliary 


commutation. 
When thyristor TA is turned on, capacitor gets connected across 71 to turn it off, this 
type of commutation is, therefore, also called parallel-capacitor commutation. 
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ee Example 5.4, Circuit of Fig. 5.5 (a) illustrates class-D commutation. For this circuit, 
t V, = 230 V, L = 20H and C= 40 pF. For a.constant load current of 120 A, calculate. 


i (a) peak value of current through capacitance and also through main and auxiliary 
thyristors, , : 
‘ (b) circuit turn-off times for main and auxiliary thyristors. 

Solution. (a) When main thyristor T1 is turned on, an oscillatory current in the circuit 
C, T1, L and D is set up and it is given by 


i =V,-VE sin Wy t 


. Peak value of c~-rent through capacitor 


a fe - {49 - 
T,=V, VF = 230 -VW5q = 925.224 


Peak value of current through main thyristor 
1. + Tl=h+I, 
= 325.22 + 120 =445.22A 
Peak value of current through auxiliary thyristor TA =I)= 120A 
‘ (6) Waveforms for vp, or uv, in Fig. 5.5 (b) indicate that circuit turn-off time for main 
thyristor T1 is the time required for vp, or v, to change linearly from — V, to zero. 


V, 
hh=C— 
0 i, 
F -. Circuit turn-off time for main thyristor 
t ve 
Ty 
os - 6 230 _ 
=40x 10 120 = 76:67 ns 


An examination of Fig. 5.5 reveals that when T1 conducts and during the time upper 
plate of C' is positive, vz, =—v, i.e. auxiliary thyristor TA is reverse biased by v,. This gives 


circuit turn-off time t,, for TA = — 
2@> 


Here et 108 -<, 208 
®o= TEC = ¥20x40 ~ Y800 
Circuit turn-off time for auxiliary thyristor, 
x _ 2 V800 ; 
ty = 500 = 5 = 44.48 
“1 2a) 2x 108 a 


In this type of commutation, a pulse of current is obtained from a separate voltage source 
to turn off the conducting SCR. The peak value of this current pulse must be more than the 
Ipad current. Fig. 5.6 shows a circuit using external-pulse commutation. Here V, is the voltage 


of the main source and V, is the voltage of the auxiliary supply. Thyristor T1 is conducting 
and load is connected to source V,. When thyristor T3 is turned on at t= 0; Vj, 73, L and C 
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Ke 13 form an oscillatory circuit. Therefore, C is charged to 
: DE tt att a voltage +2V, with upper plate positive at 
t=n VLC as shown and as oscillatory current falls to 


Ve Load cxk2v, y, zero, see Art. 3.1.4, thyristor T3 gets commutated. For 
Ss turning off the main thyristor T1, thyristor T2 is 

ie ii | turned on. With T2 on, T1 is subjected to a reverse 
voltage equal to V,~ 2V, and 71 is therefore turned 


Fig. 5.6. External-pulse off. After T1 is off, capacitor discharges through the 
commutation circui. load. 


5.6. CLASS F COMMUTATION : LINE COMMUTATION 

This type of commutation is also known as natural commutation. This method of 
commutation is applied to phase-controlled converters, line-commutated inverters, ac voltage 
controllers and step-down cycloconverters. 


() (6) : 
Fig. 5.7. Class F commutation (a) circuit diagram (b) waveforms. 

Here, the thyristor carrying the load current is reverse biased by the ac source voltage and 
the device is turned-off when anode current falls below the holding current (assumed nearly 
zero), A single-phase half-wave (or one-pulse) controlled converter employing line commutation 
is shown in Fig. 5.7 (a). In this figure, thyristor Tis fired at firing angle equal to zero, i.e. when 
wt = 0, v, = 0. Load is resistive in nature. With zero degree firing-delay angle, the thyristor be- 
haves like a diode. During the positive half-cycle, v, = v, and waveshape of load current ip is iden- 
tical with the waveshape of uy for a resistive load. At wt = x, v, = 0, Ug = 0 and iy = 0; therefore T 
gets turned off at this instant. From wt=n to wt = 2x, Tis reverse biased for a period 
t, = n/@ sec, longer than the thyristor turn-off time ¢, Here ¢, is called the circuit turn-off time. 


Another method of classification of thyristor commutation technique is as under : 

(1) Line commutation : class F 

(2) Load commutation : class A 

(3) Forced commutation :-class B, C and D 

(4) External-pulse commutation : class E. 

In line, or natural, commutation, natural reversal of ac supply voltage commutates the 
conducting thyristor. As stated before, line commutation is widely used in ac voltage 
controllers, phase-controlled rectifiers and step-down cycloconverters. 

In load commutation, Z and C are connected in series with the load or C in parallel with 
the load such that overall load circuit is under damped. Load commutation is commonly 
employed in series inverters. 


we, 
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In forced:commutation, the commutating components L and C do not carry load current 

continuously. So class B, C and D commutation constitute forced commutation techniques. As 

'' stated before, in forced commutation, forward current of the thyristor is forced to zero by 

external circuitry called commutation circuit. Forced commutation is usually employed in de 
choppers and inverters. 

Example 5.5. In the circuit shown in Fig. 5.8, SCR is forced commutated by circuitry not 


shown in the figure. Compute the minimum value of C so that SCR 
does not get turned on due to re-applied du/dt. The SCR has mini- 


mum charging current of 5 mA to turn it on and its junction R=50.0 
capacitance is 25 pF. 
Solution. Under steady state, SCR conducts a current 
V, 
= R = a = 4 A and voltage across ideal SCR = voltage uv, across 
c=0. 
When SCR is force commutated, capacitor C begins charging from Fig. 5.8. Pertaining to 
source V, through R so that capacitor voltage v, (= vz) is given by Example 5.5. 
v, = V, [1-e7 “FO 
du, -tRe ,_1 
[a]-v.-« “RC 
dv, V, ‘ 
or ; [ae] of) 


The rate of rise of capacitor voltage v, across SCR may be large. In case SCR charging 


di 
‘current C; - (=) happens to be equal to 5 mA, SCR will get turned on. Here C; is the 
=0 
junction capacitance of SCR. ‘ 
du, i 
Cj: &)., =5mA 
ed du, ‘ 
Substituting the value of rs from Eq. (i) above, we get 
; =0 
Vv, 3 
Ci RG=5x10 
~12 200 _ -3 
or 25 x10 Boxe 79% 10 
25 x 10°? x 200 
or C=>=——_- = 0.02 
250 x 1075 sa 


In order to obviate turning on of SCR, the value of 
‘capacitance C should be less than 0.02 uF. 

Example 5.6. For a voltage or impulse commutated 
thyristor circuit shown in Fig. 5.9, capacitor is initially 
charged to V, with polarity as shown. Find the circuit 
turn-off time for the main thyristor in case 
C=10uF, R=5 Qand V,= 230 V de. 


Fig. 5.9. Pertaining to Example 5.6. 
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Solution. When auxiliary thyristor TA is turned on, main thyristor T1 is turned off by 
meang of capacitor voltage V, appearing as reverse bias. After T1 is off, KVL for the circuit 
dice of V,, C, TA and R in series is given by 


cons: 


Riorsfioa=y, 


Its Laplace transforme is R «J (s) + au [ze - mM = Y 

Ci s s s 
1]_2V, 

or 10) [R+35]- ; 

2vV, sC 2V, 1 
1Q)="S Rech RL 
8+ 36 
Its Laplace inverse is i (¢) = av, en VRC 


R 
The voltage across capacitor Cis, 


vu, () = $ J i (t) dt + initial voltage across capacitor 


1 £2V, 
“CLR 
During the time auxiliary SCR TA is on,.v, = vp, = V, [1-e" ”*°]. The circuit turn-off time 
for Tl is the time taken by v, = vz, to change from its value - V, to zero. 
o O=V, [1-2 eR] 
or t, = RC In (2) = 5 x 10 x 10° © In (2) = 34.6574 pis 


PROBLEMS : 


5.1. (a) Explain the need of commutation in thyristor circuits. What are the different methods of 
commutation schemes ? Discuss one of them, involving two thyristors, with a neat schematic and 
waveforms. : 

(6) A circuit employing parallel-resonance turn-off (or class-B commutation) circuit has 
C=50 uF, L=20uH, V,=200 V and initial voltage across capacitor is 200 V. Determine the circuit 
turn-off time for main thyristor for load R = 1.5. [Ans: (5) 68 js} 

5.2. (a) Distinguish clearly between voltage commutation and current commutation in thyristor 
circuits. 

(b} Discuss how the voltage across the commutating capacitor is reversed in a commutating circuit. 

(c) For the circuit in Fig. 5.3 (a), supply voltage V, = 230 V 
de, load current Ip = 200 A, circuit turn-off time for main thyris- 
tor = 25 ps and reversal current is limited to 150% of Jy. Deter- 
mine the values of commutating components C and L, 

fAns: (c) C= 29.166 uF, L = 17.143 pH) 

5.3. The circuit of Fig. 5.10 can be used to explain class-B 
commyptation. With positive directions indicated for 
Ue ip, ig, tp and uz; describe, with appropriate waveforms of 
ip, ig, Up, Ep and vp, how self-commutation is achieved in this cir- 


eo MRC AY AV, [1-26 VRC 


Fig. 5.10. Pertaining to Problem 5.3. 
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cuit, Derive expressions for i,, reverse voltage across SCR when it is turned off and the circuit turn-off 
time. State the assumptions made. 

[Hint : Refer to Fig. 5.3 (6) for waveforms. Initially, 7 is off, C ie-charged so that v, = V, with upper 
plate positive. When Tis turned on, oscillatory current in C,TandL is established so that 
; Cc. ‘ 
i,=V, T sineot and ip=1)+V, g 8iN Wp t ete. } 

5.4, (a) Explain the merits and demerits of self-commutation of SCR and its other methods of 
commutation. ‘ 

(6) For the circuit shown in Fig. 5.10, given that the load current 7g to be commutated is 10 A, 
circuit turn-off time required is 40 us and the supply voltage is 100 V, obtain the proper values of 
commutating components. Take peak resonant current equal to twice the load current. 

fAns: (6) C=4.619 pF, L = 115.475 wH} 

5.5. (a) Discuss, with relevant waveforms, class A and class D types of commutations employed for 
thyristors. 

(b) For the circuit shown in Fig. 5.10, peak thyristor current = 2.5 times the constant load current, 
L=18uH and C = 4 uF. Find, the time elapsed from the instant thyristor is turned on to the instant it 
gets turned off. [Ans: (6) 32.852 ps) 

5.6. (2) Enumerate the various commutation techniques usc2 for thyristors. 

(6) Describe tine-commutation and class-E commutation for thyristors. Name the circuit configura- 
tion where line-commutation is employed. 

5.7. (a) Discuss, with relevant waveforms, class B and class E types of commutations employed for 
thyristor circuits. 

(6) A circuit employing resoncat-pulse commutation has C = 20 uF and L=3ypH. The initial 
capacitor voltage = source voltage, V, = 230 V de. Determine conduction time for auxiliary thyristor and 
circuit turn-off time for main thyristor in case constant load current is (i) 300 A and (ii) 60 A. 

(Ans: (6) (i) 24.335 ys, ¢,= 13.23 us (ii) 24.335 ys, ¢, = 76.273 us] 

5.8. (a) Describe class-C type of commutation used for thyristors with appropriate current and 
voltage waveforms. ' 


(b) An impulse-commutated circuit is shown in Fig. 5.5 (a). In this circuit, capacitor is initially 
charged to source voltage V, = 200 V with upper plate negative. When auxiliary thyristor is turned on 
main thyristor gets commutated in 50 ps. Find the value of C in case load resistance is 20 Q. 


If peak value of current through main thyristor is limited to twice the full-load current, calculate 
the value of commutating inductance. {Ans: (6) 3.607 uF, 1.4428 mH} 


5.9. What is complementary impulse commutation ? Describe this type of commutation with a 
circuit diagram and appropriate waveforms. 
Derive expressions for current through and voltage across commutating capacitor. Find also the 
circuit turn off times for the complementary thyristors. 
5.10. (a) A capacitor C, initially charged to de voltage V,, is connected to inductance L through a 
thyristor. Determine 
() the peak value of current through thyristor and 
Gi) the maximum value of di/dt through SCR. 
(6) For illustrating class C commutation, circuit of Fig. 5.4 (a2) is employed where 
VM; = 200 V and R, = 10 Q. Find the value of C so that thyristor T1 is commutated in 50 ps. 
It is required that SCR T2 is turned off naturally when current through it falls below the holding 
current of 4 mA. Find the value of Ro. 
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V, 
{Hint : (6) When C is fully charged, current through T2 = holding current = = ete] 


Ry 


c Y; 
Ans: (a) V, Wz» 7! Amplsec (6) 7.2135 uF, 50k 9 


5.11. In the circuit of Fig. 5.4 (2) employing complementary commutation ; V, = 200 V, Ry = 202 
and Ro = 100 9. Determine the minimum value of C so that thyristors do not get turned on due to 
re-applied dv/dt. Each SCR has a minimum charging current of 4 mA to turn it on and its junction 
capacitance is 20 pF. [Ans: 0.1 LF) 

5.12. For current-commutated circuit of Fig. 5.3 (a); V, = 230 V,L= 16H and C=5 pF. Capacitor 
is initially charged to voltage V, with left hand plate positive. Auxiliary thyristor TA is turned on at 
t= 0. Find the total time for which capacitor current i, exists. The peak resonant current is 1.5 times 
the full-load current. 


; : V, + Vab 
Hint: In Fig. 5.3 (6), ts -tg3=C 7 etc. [Ans: 58.047 ps} 
0 


Phase Controlled Rectifiers 


Many industrial applications make use of controllable de power. Examples of such 
applications are as follows : : 


(a) Steel-rolling mills, paper mills, printing presses and textile mills employing dc motor 
drives. 
'(b) Traction systems working on de. 
(c) Electrochemical and electrometallurgical processes. 
(d) Magnet power supplies. 
(e) Portable hand tool drives. 
(a) High-voltage dc transmission. 


Earlier, dc power was obtained from motor-generator (MG) sets or ac power was converted 
to de power by means of mercury-arc rectifiers or thyratrons. The advent of thyristors has 
changed''the art of ac to de conversion. Presently, phase-controlled ac to dc converters 
employing thyristors are extensively used for changing constant ac input voltage to controlled 


dc output voltage. In an industry where there is a provision for modernization, mercury-are |. 


rectifiers and thyratrons are being replaced by thyristors. 


In phase-controlled rectifiers, a thyristor is turned off as ac supply voltage reverse biases 
it, provided anode current has fallen to a level below the holding current. The turning-off, or 
commutation, of a thyristor by supply voltage itself is called natural, or line commutation. 
In industrial applications, rectifier circuits make use of more than one SCR. In such circuits, 
when an incoming SCR is turned on by triggering, it immediately reverse biases the outgoing 
SCR and turns it off. As phase-controlled rectifiers need no commutation circuitry, these are - 
simple, less expensive and are therefore widely used in industries where controlled dc power 
is required. 

In the study of thyristor systems, SCRs and diodes are assumed ideal switches which 
means that (i) there is no voltage drop across them, (ii) no reverse current exists under reverse 
voltage conditions and (ii) holding current is zero. 


Trigger circuits are not shown in SCR circuit for convenience. 


In this chapter, single-phase and three-phase controlled converters are described and the 
effect of source inductance on their performance is examined. Basic operating features of dual 
converters are also presented. 
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6.1. PRINCIPLE OF PHASE CONTROL 

he simplest form of controlled rectifier circuits consist of a single thyristor feeding dc 
power to a resistive load ‘R as shown in Fig. 6.1 (a). The source voltage is v, = V,, sin wt, Fig. 
6.1(5). An SCR can conduct only when anode yoltage is positive and a gating signal is applied. 
As such, a thyristor blocks the flow of load current iy until it is triggered. At some delay angle 
@, a positive gate signal applied between gate and cathode turns on the SCR, Immediately, 
full supply voltage is applied to the load as vp, Fig. 6.1 (6). At the instant of delay angle 
@,, Ug rises from. zero to V,, sin & as shown. For resistive load, current i, is in phase with vp. 
Firing angle of a thyristor is measured from the instant it would start conducting if it were 
replaced by a diode. In Fig. 6.1, if thyristor is replaced by diode, it would begin conduction 
at wt=0, 2n, 4x ete. ; firing angle is therefore measured from these instants. A firing angle 
may thus be defined as the angle between the instant thyristor would conduct if it were a 
diode and the instant it is triggered. 


' 


6) 
Fig O Single-phase half-wave thyristor circuit with RF load 
(a) circuit diagram and (6) voltage and current waveforms. 

A firing angle may also be defined as follows : A firing angle is measured from the angle 
that gives the largest average output voltage, or the highest load voltage. If thyristor in Fig. 
6.1 is fired at at =0, 2n, 4x etc., the average load voltage is the highest ; the. firing angle 
should thus be measured from these instants. A firing angle may thus be defined as the angle 
measured from the instant that gives the largest average output voltage to the instant it is 
triggered. 


i 
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Once the SCR is on, load current flows, until it is turned-off by reversal of voltage at 
ay =, 3n etc. At these angles of x, 3x, 5x etc. load current falls to zero and soon after the 
supply voltage reverse biases the SCR, the device is therefore turned off. It is seen from Fig. 
6.1 (6) that by varying the firing angle a, the phase relationship between the start of the load 
current and the supply voltage can be controlled ; hence the term phase control is used for 
such a method of controlling the load currents [3] . | 

A single-phase half-wave circuit is one which produces only one pulse of load current 
during one cycle of source voltage. As the circuit shown in Fig. 6.1 (a) produces only one load 
current pulse for one cycle of sinusoidal source voltage, this circuit represents a single-phase 
half-wave thyristor circuit. . 

In Fig. 6.1 (6), thyristor conducts from wt = a to m, (2n + a) to 3x and so on. Over the firing 
angle delay «, load voltage ug = 0 but during conduction angle (x — &), vg = v,. As firing angle 
is increased from zero to n, the average load voltage decreases from the largest value to zero. 

The variation of voltage across thyristor is also shown as vy in Fig. 6.1 (b). Thyristor 
remains on from at = « to 2, (2% + @) to 3x etc:, during these intervals up= 0 (strictly speaking 
1 to 1.5 V ). It is off from x to (2x + a), 31 to (4n + a) ete., during these off intervals vz has the 
waveshape of supply voltage v, . It may be observed that v, = vy + vp. As the thyristor is reverse 
biased for x radians, the circuit turn-off time is given by 


t= = sec 
o 
where © = 2nf and f is the supply frequency in Hz. 
"The circuit turn-off time ¢, must be than the SCR turn-off time ¢, as specified by the 
manufacturers, 
' Average voltage V, across load R in Fig. 6.1 for the single-phase half-wave circuit in terms 
of firing angle o is given by ‘ 


Vena |" Vi, nin esto (06) =~ (1 +0080) 6.1) 
0= On 4a ‘m Sin (! = On S OL) lB, 
The’ maximum value of Vo occurs at a = 0°. 
V, V, 
Vou gn ae 
Vy _Y, 
Average load current, h=% = oR (1+ cos a) (6.2) 


In some types of loads, one may be interested in rms value of load voltage V,,. Examples 
of such loads are electric heating and incandescent lamps. Rms voltage V,, in such cases is 
given by 


1 {* if 
Vor=| ax J, Vi, sin? ct -d (ae) 
Vv Ye 
al (ra) +5 sin 2a | (6,3) 
The value of rms current J,, is 


Vv, 
fee 
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wer delivered to resistive load = (rms load voltage) (rms load current} 


: v2 . 
| Volo = HGR 46.4) 
Input voltamperes = (rms source voltage) ‘(total rms line current) , 


‘sV,-1,= avs n a+ agel. 
= Va te Sey | Ota 

_ Power delivered toload _ Vor tor _ Vor 
Input power factor = Tnput VA WL, Vv, 


From Eq. (6.3), input p= aK ~a)+} sin 2 «| A6.5) 


6.1.1. Single-phase Half-wave Circuit with RL Load 

A single-phase half-wave thyristor circuit with RL load is shown in Fig. 6.2 (a). Line 
voltage v, is sketched in the top of Fig. 6.2 (b). At wf =o, thyristor is turned on by gating 
signal. The load voltage vp at once becomes ‘equal to source voltage v, as shown. But the 
inductance L forces the load, or output, current i, to rise gradually. After some time, i, reaches 
maximum value and then begins to decrease. At w? = %, Uo is zero but ip is not zero because 
of the load inductance L. After wt =n, SCR is subjected to reverse anode voltage but it will 
not be turned off as load current iy is not less than the holding current. At some angle 
>, ig reduces to zero and SCR is turned off as it is already reverse biased. After wt =f, 
v,=0 and ig=0. At wt =2n+0, SCR is triggered again, vy is applied to the load and load 


(@) (e) 
Fig. 6.2. Single-phase half-wave circuit with RL load 
(a) circuit diagram and (b) voltage and current waveforms. 
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current develops as before. Angle B is called the extinction angle and (B - a) = is called the 
conduction angle. 

The waveform of voltage vy across thyristor T in Fig. 4.2 (6) reveals that when at =a, 
vp=V,, sin @ ; from wt = 0. to B, vr=0 and at wt =B, vp=V,, sin B. As B> x, up is negative at 
at =f. Thyristor is therefore reverse biased from at = 8B to 2x. Thus,’ circuit turn-off time 


to= or B sec. For satisfactory commutation, tp should be more than t, the thyristor turn-off 


time. ; 
The voltage equation for the circuit of Fig. 6.2 (a) is 
. . diy ‘N 
V,, Sin of = Rig+L z 
The load current iy consists of two components, one steady-state component i, and the 
other transient component i,. Here i, is given by 


where =tan™ ¥ and X =a. Here $ is the angle by which rms current I, lags V,. 
The transient component i, can be obtained from force-free equation 
Ri,t+L 4 =0 
Its solution gives, i,= Ae PO 
o : ini, +t,= Sf sin (ost — $) + APE (6.8) 
where Z=VR74X™ 


Constant A can be obtained from the boundary condition at wt = a. 


At this time t= = i, = 0. Thus, from Eq. (6.6) , 
4 
O= F sin (a1 — ¢) + Ae 2/Le 


V, 
or A=— 7 sin (a- 9) eh" 


Substitution of A in Eq. (6.6) gives 
Y, Y, 
ig= Zin (at - 0) F sina exp. { Zr cota) } (6.7) 


for a<at<B 
It is also seen from the waveform of iy in Fig. 6.2 (b) that when o# = B, load current 
ig = 0. Substituting this in Eq. (6.7) gives 


7 
sin (B ~ ¢) =sin (a~ 9). en{-F 6-9} 


This transcendental equation can be solved to obtain the value of extinction angle B In 
case 8 is known, average !>ad voltage Vo is given by 
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Aff epee. Vn 
Vo= on J. V,, sin wt d (ot) = On (cos & — cos f) .(6.8) 
V, ‘ 
Average load current, Ip = Dak (cos o — cos BY (6.9) 
‘ 1/8 2 \" 
Rms load voltage, V,-= on | V* sin? we - d(wt) / 
: J 


Vv 1 1/2 
= zr |® -a)-5 {sin 2B - sin 2a (6,10) 


Rms load current can be obtained from Eq. (6.7) if required. 

6.1.2. Single-phase Half-wave Circnit with RL Load and Freewheeling Diode 

The waveform of load current ig in Fig. 6.2 (b) can be improved by connecting a 
freewheeling ( or flywheeling ) diode across load as shown in Fig. 6.3 (a). A freewheeling diode 
is also called by-pass or commutating diode. At wt = 0, source voltage is becoming positive. 
At some delay angle a, forward biased SCR is triggered and source voltage v, appears across 
load as vg. At wt =n, source voltage v, is zero and just after this instant, as v, tends to reverse, 
freewheeling diode FD is forward biased through the conducting SCR. As a result, load current 
ig is immediately transferred from SCR to FD as », tends to reverse. At the same time, SCR 


iModes 
| 


be Mode It->i 


(a) (6) 
Fig. 6.3. Single-phase half-wave circuit with RL load and a freewheeling diode, 
(a) circuit diagram and (6) voltage and current waveforms. 


9 tlie 


1 
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is subjected to reverse voltage and zero current, it is therefore turned off at wt =z. It is 
assumed that during freewheeling period load current does not decay to zero until the SCR 
is triggered again at (2x + a). Voltage drop across FD is taken as almost zero, the load voltage 
ug is, therefore, zero during the freewheeling period. The voltage variation across SCR is 


shown as vp in Fig. 6.3 (b). It is seen from this wave-form that SCR is reverse biased from 
wt =n to wt = 2n. Therefore, circuit turn-off time is 


to== sec 
ce 


The source current i, and thyristor current ip have the same waveform as shown. 


Operation of the circuit of Fig. 6.3 (a) can be explained in two modes. In the first mode, 
called conduction mode, SCR conducts from a to m, 2x + « to 3m and so on and FD is reverse 


" biased. The duration of this mode is for [x - a)/a] sec. Let the load current at the beginning 


of mode I be J). The expression for current ig in mode J can be obtained as follows : 


Mode I : For conduction mode, the voltage equation is 


, ; di, 
Vin sin of = Rig +L >? 


Its solution, already obtained in the previous section, is repeated here from Eq. (6.6) as 


y, 
i 7 sin (ct - 9) +A e7 WAL 
| Atat=a, ip=Iy ie. att=5,ip=Iy 


an A= Iy—" sina) | ome 


i= Fancer-o+[ to Paine bem{-F[e-2} (6.11) 


Note that for mode I, « < wt <x 


Mode II : This mode, called freewheeling mode, extends from x to 2n +c, 3 to 4n-+c. and 
so on. In this mode, SCR is reverse biased from 7 to 2n, 3n to 4m... as shown by voltage 
waveform vz in Fig 6.3 (6). As the load current is assumed continuous, FD conducts from 7 


to (2n +a), 38x to (4x +a) and so on. Let the current at the beginning of mode II be Ty, a8 
shown. As load current is passing through FD, the voltage equation for mode II is 


‘ dig 
O=Riy+L a 
Its solution is p=Ae fmt 
At of =n, ig = Igy. 
It gives A=ly eral 


a=tn-e| 7-5 | «»(6.12) 


Note that for mode II, R< at < (27+ a) 
Average load voltage V, from Fig. 6.3 (6) is given by 


ie eee Vin 
wz J, Voy sin a d (Wt) = 52 (1 + cos a) 6.13) 
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oe load current, ig= Yo = Rak (1+ cos a) (6.14) 

Note that load current ip is contributed by SCR from a to n, (2m + a) to 37 and so on and 
by FD from 0 to a, x to (2n+ a) and so on . Thus the waveshape of thyristor current ip is 
identical with the waveshape of i, for wt = 0 to f, (2n + a) to 3x and so on. Similarly, the wave 
shape of FD current ig is jdentical with the waveform of ig for wt = 0° to a, to (2n + a) and 
so on. ‘ 
In Fig. 6.2, load consumes power Pi from source for & to % (both vp and ip are positive) 
whereas energy stored in inductance L is returned to the source as power p» for 7 to B (up is 
negative and iy is positive ). As a result, net power consumed by the load is the difference of 
these two powers p, and Pp. In Fig. 6.3, load absorbs power for o to 7, but for 1 to (21+ 0), 


energy stored in L is delivered to load resistance R through the FD. As a consequence, power 
consumed by load is more in Fig. 6.3. It can, therefore, be concluded that power delivered to 
load, for the same firing angl¢, is more when FD is used. As volt-ampere input is almost the 
same in both Figs. 6.2 ‘and 6.3, the input pf(= power delivered to load/input volt-ampere) 
with the use of FD is improved. 

It is also seen from Figs. 6.2 (b) and 6.3 (b) that load current waveform is improved with 
FD in Fig. 6.3 (b). Thus the advantages of using freewheeling diode are 

(i) input pf is improved : 
(ii) load current waveform is improved and 
(iii) as a result of (ii), load performance is better. 

It may be seen from Fig. 6.3 (6) that freewheeling diode prevents the load voltage v from 
becoming negative. Whenever load voltage tends to go negative, FD comes into play. As a 
result, load current is transferred from main thyristor to FD, allowing the thyristor to regain 
its forward blocking capability. ; 

It is seen from Figs. 6.2 (6) and 6.3 (6) that supply current i, taken from the source is 
unidirectional and is in the form of dc pulses. Single phase half-wave converter thus 
introduces a de component into the supply line. This ig undesirable as it leads to saturation 
of the supply transformer and other difficulties (harmonics etc.). 

These shortcomings can be overcome to some extent by the use of single-phase fullwave 
circuits discussed in Art. 6.2. 


6.1.3. Single-phase Half-wave Circuit with RLE Load 


Asingle-phase half-wave controlled converter with RLE load is shown in Fig. 6.4 (a). The 
counter emf E in the load may be due to a battery or a dc motor. The minimum value of firing 
angle is obtained from the relation V,, sin ot = E. This is shown to occur at an angle 6, where 


6, =sin’ /V,,) (6.15) 


In case thyristor T is fired at an angle a < 6, then E > V,, SCR is reverse biased and 
therefore it will not turn on. Similarly, maximum value of firing angle is 6, =7— 6,, Fig. 6.4 
(b). During the interval load current ip is zero, Joad voltage vy = E and during the time ip is 
not zero, Uo follows uv, curve. For the circuit of Fig. 6.4 (a), KVL gives the voltage differential 


equation as 


Controlled Rectifiers (Art. 6.1] 183 


a 
V,, sin w= Rig+L S248 (6.16) 


(pq Si @-E)4 | 
ute ~» | 


a 
A, 


Mie. 6.4. Single-phase half-wave circuit with RLE rhe 
(a) circuit diagram and (6) voltage and current waveforms, 

The solution of this equation is made up of two components ; namely steady-state current 
component i, and the transient current component i,, For convenience, i, may be thought of 
as the sum of i, and i,,, where i,, is the steady state current due to ac source voltage acting 
alone and i,, is that due to de counter emf E acting alone. As in the presentation leading to 


Eq. (6.6), i,, due to source voltage V,, sin wt is given by 


wt 


| Me 
t= sin (at - 9) 
If only E were present, then steady state current i,, would be given by 
. iy) = -(E/R) 


The transient current i, is given by i, = Ae” @/* 


V, 
. Thus the total current ip is given by i, =i,, +i, +i,=—2 sin (wt 9) - 24 Ae et 
f 0 oF ba the Z R 
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un 
At of = 0, ip = 0, ie. at t=", iy = 0. his gives A =| EY sina |e eorte 
V, , : 
i= 'p| sin ee-)-sinca-pemn{ -Z n=} |-F[1-exr{ -zet-2} 


(6.17) 


Eq. (6.17) is applicable for, a < wt < B. The extinction angle 8 depends upon load emf £, 
firing angle a and the load impedance angle 9. 

Average voltage across inductance is zero. Thus, average value of load current can be 
obtained by integrating (V,, sin of - Z)/R between a and B. The average load current I, is 


therefore given by 
1f ff : 
Ip= nk f WV, sin at — E) d(wt) 


1 
. = 5p [Vm (cos a — cos B)-E (B-a)) (6.18) 
Here conduction angle y= — @. Putting B=y+o in Eq. (6.18 ) gives 
1 
10= oaR [V,, {cos a — cos (y+ 0)}-E -y] 


_ Using the trigonometric relation, 


cos x — cos y = 2 sin 2 


the above expression for Jy can be written as 


Jom gl 2Vnsin( + Join By] (6.19) 


Average load voltage Vp is given by 


von Bri B+3{ avqsin( a3 )sing-y-8 | 


2n nt 2 2 
The above expression for the average load Voltage Vo can also be obtained as under : 


For periodicity 2x, extending from o to (2n + @), we have 


ve dlf Va sine don +B ax +0-p) 
a 


= 1 | Pain a+ |sint (6.20) 


= Fe [Vn (c08 a cos B) +H (2n-+a.-B)} 


In case B is made equal to (y+ @) in the above expression, Eq. (6.20) can be obtained. 


If load inductance L is zero in Fig. 6.4 (a), then extinction angle f would be equal to 
6, and y= B — a= 6, - a. But @,=x-0, This gives i=0,=1"-6 and y=" - 6; ~ a. 
Substituting these in Eq. (6.18), we get average load current Jy as under : 


Ip = 5g [Vm (008 0 — £08 (n- 83) -E (r.- 8 - a] 
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| = san (cos a + cos 8,)— E (n - 6, - &)] (6.21 @) 
Vor E+ It = E+ 2 (Vp, (cos c+ cos 0,) - E(x ~ 8, ~ 0] 


Vin ) 
= Fe cosas oon + F142 are (6.21 B) 


2n n 
Assuming thyristor T in Fig. 6.4 (a) to be fired continuously with L = 0, we get 6, =a and 
from Eq. (6.212), 


In= HR 2 Vn 008 nae -E(x-24)| (6.22 a) 
where 0, is given by Eq. ‘ane , 
Vo= E+ Ig R=E +2 [2 Vp, 008 0, -E (x-20))) 
V, 26. 
=—" cos 0, E{.2h) (6.22. b) 
1m 2 tr 
For no inductance in the load circuit, B = x- as stated above. The rms value of load 
current for L = 0 is obtained as under : ° 


1/2 
x-a 
te-[ ahs : (Wm sin at—B)- 2000 


7 1/2 
-| al "(win a +B —2 Va Bin af) ds | 


Its simplification gives 


1/2 
1,2 -[ aa (B+ VP (n- 20) + Ve sin 2 2a-4V,, Ecos | (6.23) 
Power delivered to load, 
P=2,R+ IE watts (6.24) 
Supply power factor = ete .(6.25) 


The time variation of voltage across thyristor is shown as vp=~E in Fig. 6.4 (6). At 
of=0, v,=0, and therefore, vp=-E. At wt=0,v,=E, therefore v,=0. At wi=a, 
v] =V,, sin o, therefore vp= V,, sin a-E. During the conduction angle y=(B - @), vp=0. At 
at = B, v, has reverse polarity. Therefore, just after thyristor is turned off at wt =f, voltage 
vp= lV, sin (B- x) +E]. It is also possible to write up=V,, sinB-E at wt=B, because 
V,, sin B is negative for B > x. The magnitude of maximum reverse voltage is (V,, + E) as shown 


in Fig. 6.4 (8). Fig. 6.4 (6) also reveals that circuit turn-off time is mah sec. 


Example 6.1. A single-phase 230 V,, 1 kW heater is connected across 1-phase, 230 V,50 
Hz supply through an SCR. For firing angle delays of 45° and 90°, calculate the power 
absorbed in the heater element. 


_ (230) 
Solution. Heater resistance R= 1000 Q 
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, From Eq. (6.3), the value of rms voltage for a = 45° is 


V2 - 230 mz) 1 ue 
V,.= oo = si o = 7 
oe: Wr [* g }r pana 155.071 V 


.. Power absorbed by heater element for a = 45° is 


Ve, _ (155.071 


R | 230 
For a = 90°, rms voltage is 


2 
} x 1000 = 454.57 watts 


¥2-230[(__ x). 7” 
Ve, = -s = Vv 
or aE 2 }: o| 115 
.«. Power absorbed for a = 90° is 
Ve, (115 Y 
R =! 230 x 1000 = 250 watts. 


Example 6.2. A dc battery is charged through a resistor R as shown in Fig. 6.5 (a). Derive 
an expression for the average value of charging current in terms of V,, E, R etc. on the 
assumption that SCR is fired continuously. 


(a) For an ae source voltage of 230 V, 50 Hz, find the value of average charging current 
for R=8 Qand E = 150 V. 
' (b) Find the power supplied to battery and that dissipated in the resistor. 
(c) Calculate the supply pf. 
Solution. For the circuit of Fig. 6.5 (a), the voltage equation is 
V,, sin ot = EB +ipR . 


@ (6) 
Fig. 6.5. (2) Power circuit diagram (b) various waveforms for Example 6.2. 


It is seen from Fig. 6.5 that SCR is turned on when V,, sin @, = E and is turned off when 
V,, sin 6, = E, where 6,=n-6@,. The battery charging requires only the average current I, 
given by 


{or (V,, sin wt - B) aes | 


1 
tom aaah 
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[2V,, cos 8, — E(n - 28,)] 


(a) Here 0, = sin Fo = 27.466° 


less Berg 2:12 280 cs 27.466" - ase x pe ner sex 


2n-8 180 


(b) Power supplied to battery = EI, = 150 x 4.9676 = 745.14 W. 


] = 4.9676 A. 


For finding the power dissipated in R, rms value of charging current must by obtained 
From Eq. (6.23), 


Tor = FE 64 


{ase +2307) f m- 2x27. 466555 }+ (230)? sin 2 x 27.466 


-4. V% - 230 - 150 cos 27,466°)]”? = 9.2955 A. 
.. Power dissipated in resistor = (9.2955)" x 8 = 691.25 Watts. 
7 691.25 + 745.14 
230 x 9.2955 


Example 6.3. A 230 V, 50 Hz, one-pulse SCR controlled converter is triggered at a firing 
angle of 40° and the load current extinguishes at an angle of 210°. Find the circuit turn off 
time, average output voltage and the average load current for 


(a) R= 5 Qand L = 2mH. 
(6) R=50,L=2mHandE=110V. 


Solution. (a) For this part, refer to Fig. 6.2. It is seen from this figure that circuit turn 
off time t, 


(c) From Eq. (6.25), supply pf = 0.672 lagging. 


—f _ (860 ~ 210) x ; 
@ 7 180x2n x50 = 8.333 m-sec 


Prom Eq. (6.8), average output voltage 
Vo= 42-280 32 280 cos 40° — cos 210°] = 84.477 V 


Average load current 1)= =——2— = 16.8954 A. 


(0) Fig. 6.4 shows that circuit turn-off time is again 8.333 m-sec. From Eq. (6.18), average 
load current 


1 ° - 40) |= 
I= a | V2 - 280 (cos 40° - cos 210°) ~ 110 (210 - 40) 75 | = 6.5064 A. 


.. Average load voltage, Vy = EF + IpR = 110+ 6.5064 x 5 = 149.04 V. 


6.2, FULL-WAVE CONTROLLED CONVERTERS 


There is a large variety of SCR controlled coverters (or rectifiers). One way of classifying 
these ac to de converters is according to the number of supply phases on the input side. As 
per this classification, the ac to de converters discussed in Figs. 6.1 to 6.4 are single-phase 
half-wave converters. Three-phase controlled rectifiers, as the name suggests, have 
three-phase supply on their input side, these are discussed later in this chapter. The other 
way of classification is according to the number of load current pulses per cycle of source 
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voltage. It is seen from Art 6.1 that single-phase half-wave controlled rectifiers produce only 
one ple of load current during one cycle of source voltage, these can therefore be termed 
as single-phase one-pulse converters. Thus, the controlled rectifiers discussed in Figs. 6.1 to 


6.4 are all single-phase one pulse converters. 


A 
> T 
a > 
a 
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P oO 
@ eS 
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(2) (b) 
Fig. 6.6. (a) Single-phase two-pulse mid-point converter and 
(6) three-phase six-pulse mid-point converter. 

The disadvantages of single-phase half-wave, or single-phase one-pulse converter, are 
minimised by the use of single-phase full wave, or single-phase two pulse, converters. In 
practice, there are two basic configurations for full-wave controlled converters. One 
configuration uses an input transformer with two windings for each input phase winding. 
This is called mid-point converter. A single-phase two-pulse mid-point SCR converter is shown 
in Fig. 6.6 (a) and a three-phase 6 pulse mid-point converter in Fig. 6.6 (6). 


3-phase input 


(a) (0) 
Fig. 6.7. (a) Single-phase two-pulse bridge converter and 
(6) Three-phase six-pulse bridge converter. 

The second configuration uses SCRs in the form of a bridge circuit. Single-phase full-wave, 
or two-pulse, bridge converter using four SCRs is shown in Fig. 6.7 (a) and a three-phase 
six-pulse bridge converter using six SCRs~in-Fig. 6.7 (b). A bridge converter has some 
advantages over mid-point converter, these will be discussed after both these configurations 
are studied in the next article. 

6.3. SINGLE-PHASE FULL-WAVE CONVERTERS 

in single-phase two-pulse (or full-wave) converters, voltage at the output terminals can 
be controlled by adjusting the firing angle delay of the thyristors. Mid-point or bridge-type 
circuits may be used for ac to de conversion. In this section, first mid-point and then 
bridge-type configurations are discussed with input from single-phase source. 
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6.3.1. Single-phase Full-wave Mid-point Converter 

The circuit diagram of a single-phase full-wave converter using a centre-tapped 
transformer is shown in Fig. 6.8 (¢). When terminal a is positive with respect to n, terminal 
n is positive with respect to b. Therefore, v,,, =U,g OT Ven, =— Ys, a8 7 is the mid-point of 
secondary winding. Equivalent circuit of this arrangement is shown in Fig. 6.8 (d). It is 
assumed here that load, or output, current is continuous and turns ratio from primary to 
each secondary is unity. 


(0) (c) 
Fig. 6.8, lsigle otis full-wave mid-point converter (a) circuit diagram 
(6) equivalent circuit and (c) various voltage and current waveforms. 

_Thyristors Tl and T2 are forward biased during positive and negative half cycles 
respectively ; these are therefore triggered accordingly. Suppose T2 is already conducting. 
After wt = 0, v,,, is positive, T1 is therefore forward biased and when triggered at delay angle 
a, T1 gets turned on. At this firing angle o, supply voltage 2V,, sin a reverse biases T2,, this 
SCR is therefore turned off. Here T1 is called the incoming thyristor and T2 the outgoing 
thyristor. As the incoming SCR is triggered, ac supply voltage applies reverse bias across the 
outgoing thyristor and turns it off. Load current is also transferred from outgoing SCR to 
incoming SCR. This process of SCR turn off by natural reversal of ac supply voltage is called 
natural or line commutation. 
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“Brom the equivalent circuit of Fig. 6.8 (6), it is seen that if 
Van = Vm Sin wt, 
then Vpn =— Ung = — Vm Sin OF 
and Vab = Van + Unp = 2V,, 8in wt 
When ot = 0, T1 is triggered. SCR T2 is subjected to a reverse voltage v,, = 2V,, Sin & as 
stated before ; current is transferred from T2 to T1 and as a result T2 is turned off. The 
magnitude of reverse voltage across T2 can also be obtained by applying KVL to the loop 
efghe of the equivalent circuit of Fig. 6.8 (b) at the instant T1 is triggered. Thus, 
Vq2 — Vpq_ HV, =O 
or : Vp = Vpn ~ Van + Uri 
With T1 conducting, v7, = 0. Therefore, the voltage across T2,, at the instant ot =o. is 
given by 
, Um = V,, Sin a - V,, sin a= — 2V,, sin & 
This shows that SCR T2 is reverse biased by voltage 2V,, sin o and it is therefore turned 
off at wt =o. Thyristor T1 conducts from a to 7+ a. After wt =, T1 is reverse biased but it 


will continue conducting as the forward biased SCR T2 is not get gated. At wf =n+ a, T2 is 
triggered, T1 is reverse biased by voltage of magnitude 2V,, sin o, current is transferred from 


T1 to T2, T1 is therefore turned off. 
‘At wf = a, T2 is turned off and it remains reverse biased from wt = « to n, this can beseen 
from Fig. 6.8 (c). The turn-off time provided by this circuit te SCR T2 is therefore given by - 


t,=4 — sec | (6.26) 


Thyristor T1 is turned off at af =1+ a and Fig. 6.8 (c) reveals that T1 is subjected to a 
reverse voltage from wf =" + 0 to wt = 2x. Therefore, this circuit provides a turn-off time to 
thyristor T1 as 


2n- (m+ a) _-G it 
ee o 
which is the same as provided to thyristor T2 ; Eq. (6.26). 
It is seen from voltage waveform Ug, Fig. 6.8 (c) , that average value of output voltage is 
given by 


t= 


Atk QV. 
Vo=2 J.” Vn sin ot -d (at) = c08 6.27) 


The circuit turn-off time t,, Eq. (6.26), a8 provided by this circuit of Fig. 6.8 (¢) must be 
greater than SCR turn-off time ¢, as given in the specification sheet. In case ¢, <%,, 
commutation failure will occur and the whole secondary winding will be short circuited. 
During commutation failure, if the rate of rige of fault current is high, the incoming SCR may 
be damaged in case protective elements do not clear the fault. Fig. 6.8 (c) reveals that each 
SCR is subjected to a peak voltage of 2V,,. 


The following observations can be made from the above study. 


(@) When commutation of an SCR is desired, it must be reverse biased and the incoming 
SCR must be forward biased. 


‘ 
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(ii) When incoming SCR is gated on, current is transferred from outgoing SCR to incoming 
SCR. 

(iii) The circuit turn-off time must be greater than SCR turn-off time. 

It is seen from above that thyristor commutation achieved by means of natural reversal 
of line voltage, called line or natural commutation, is simple ; it is therefore employed in all 
phase-controlled rectifiers, ac voltage controllers and cycloconverters. 


6.3.2. Single-phase Full-wave Bridge Converters 


Phase-controlled single-phase, or three-phase, full-wave converters are primarily of three 
types ;' namely uncontrolled converters, half-controlled converters and fully-controlled 
converters. An uncontrolled converter or rectifier uses only diodes and the level of de output 
voltage cannot be controlled. A half-controlled converter or semiconverter uses a mixture of 
diodes and thyristors and there is a limited control over the level of de output voltage. A 
fully-controlled converter or full converter uses thyristors only and there is a wider control 
over the level of dc output voltage. f Vo “! Yo 


A semiconverter is one-quadrant 
converter. A one-quadrant converter has one 
polarity of de output voltage and. current at 
its output terminals, Fig. 6.9 (¢). A — 
two-quadrant converter is one in which 
voltage polarity can reverse but current 
direction cannot reverse because of the 
unidirectional nature of thyristors, Fig. 6.9 Sy Ny 
(b). In this part of the section, single-phase 2 ) e 


bridge. type full converters and (a) 
7 ie E Fig. 6.9. (2) One-quadrant converter and 
semiconverters are studied in detail. (6) two-qusdrant Goavester: 


6.3.2.1. Single-phase full converter ‘ 


Io Ip 


A single-phase full converter bridge using four SCRs is shown in Fig. 6.10 (a). The load 
is assumed to be of RLE type, where E is the load circuit emf. Voltage E may be due to a 
battery in the load circuit or may be generated emf of a de motor. Thyristor pair T1, T2 is 
simultaneously triggered and x radians later, pair T3, T4 is gated together. When a is positive 
with respect to b, supply voltage waveform is shown as v,, in Fig. 6.10 (b). When 6 is positive 
with respect to a, supply voltage waveform is shown dotted as v,,. Obviously, vu, =— Upq- The 
current directions and voltage polarities shown in Fig. 6.10 (a) are treated as positive. 


Load current or output current i, is assumed continuous over the working range ; this 
means that load is always connected to the ac voltage source through the thyristors. Between. 
@t = 0 and o¢ = ; T1, T2 are forward biased through already conducting SCRs T3 and T4 
and block the forward voltage. For continuous current, thyristors T3, T4 conduct after 
wt = 0 even though these are reverse biased. When forward biased SCRs T1, T2 are triggered 
at wt = a, they get turned on. As a result, supply voltage V,, sin & immediately appears across 
thyristors T3, T4 as a reverse bias, these are therefore turned off by natural, or line, 
commutation. At the same time, load current ig flowing through T3, T4 is transferred to T1, 
T2 at wt =a. Note that when T1, T2 are gated at wt = a, these SCRs will get turned on only 
if V,, sin o> E. Thyristors Tl, T2 conduct from wf =a to x+0. At wf = 7+, forward biased 
SCRs T3, T4 are triggered. The supply voltage turns off Tl, T2 by natural commutation and 
the load current is transferred from T1, T2 to T3, T4. 


"ie 
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{a) (0) 
Fig. 6.10. (a) Single-phase full converter bridge with RLE load 
(6) voltage and current waveforms for continuous load current. 


Voltage across thyristors T1, T2 is shown as vp, = vz, and that across T3, T4 as vz = v7y. 


Maximum reverse voltage across T1, T2, T3 or T4 is V,, and at the instant of triggering with 
ing angle a, each SCR is subjected to a reverse voltage of V,, sin a. Source current i, is 


ated as positive in the arrow direction. Under this assumption, source current is shown 


positive when T1, T2 are conducting and negative when T3, T4 are conducting, Fig. 6.10 (b). 


During « to x, both v, andi, are positive, power therefore flows from ac source to load. 


During the interval x to (x +), v, is negative but i, is positive, the load therefore returns 
some of its energy to the supply system. But the net power flow is from ac source to de load 
because (x — 0) > a in Fig. 6.10 (6). 


The load terminal voltage, or full-converter output voltage, vp is shown in Fig. 6.10 (5). 


The average value of output voltage V, is given by 


1 +O , 2 Vin 
=1 J Vein ot - d(et) = ==" cosa (6.28) 
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Eq. (6.28) shows that if « > 90°, Vo is 
negative. This is illustrated in Fig. 6.10 (c), 
where « is shown greater than 90°. In this 
figure, average terminal voltage V, is nega- 
tive. If the load circuit emf E is reversed, 


ie bo 
N 


“—"} 


this source E will feed power back to ac 1 | 13 ova Z| 1 | 
supply. This operation of full converter is ¥, 4 12 #8 voltages | A | 
q 


known as inverter operation of the con- 
verter. The full converter with firing angle 
delay greater than 90° is called line-com- 
mutated inverter. Such an operation is used 
in the regenerative braking mode of a dc 
motor in which case then £ is counter emf of 
the de motor. 

During 0 to a, ac source voltage u, is 
positive but ac source current is negative, 
power therefore flows from de source to ac 
source. From a to x, both v, andi, are 
positive, power therefore, flows from ac 
source to de source. But the net power flow 
is from de source to ac source, because 
(m7 -@) < @ in Fig’ 6.10 (c). 


In converter operation, the average 
value of output voltage V, must be greater 
than load circuit emf £. During inverter 
operation, load circuit emf when inverted 
to ac must.be more than ac supply voltage. 
In other words, dc source voltage E must 


be more than inverter voltage Vo, only then 4 fora’ 

d Fig. 6.10 (c) Voltage and current waveform for 
power would flow from dc source to ac 4 " 
supply system. But in both converter and single-phase full converter of Fig. 6.10 (a) for a >.90°. 


inverter modes, thyristors must be forward biased and current through SCRs must flow in 
the same direction as these are unidirectional devices. This is the reason output current iy 
is shown positive in Fig. 6.10 (c). As before, source current i, is positive when T1, T2 are 
conducting. 

The variation of voltage across thyristors T1, T2 T3 or T4 reveals that circuit turn-off 
time for both converter and inverter operations is given by 


r-a 


t= 


A sec 


As both the types of phase-controlled converters have been studied, the advantages of 
single-phase bridge converter over single-phase mid-point converter can now be stated : 

@ SCRs are subjected to a peak inverse voltage of 2 V,, in mid-point converter and V,, 
in full converter. Thus for the same voltage and current ratings of SCRs, power handled by 
mid-point configuration is about half of that handled by bridge configuration, see Example 
6.4. 
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| (ii) In mid-point converter, each secondary should be able to supply the load power. As 
hich, the transformer rating in mid-point converter is double the load rating. This, however, 
is not the case in single-phase bridge converter. 

It may thus be inferred from above that bridge configuration is preferred over mid-point 
configuration. However, the choice between these two types depends primarily on cost of the 
various components, available source voltage and the load voltage required. Mid-point 
configuration is used in case the terminals on de side have to be grounded. 


Example 6.4. SCRs with peak forward voltage rating of 1000 V and average on-state 
current rating of 40 A are used in single-phase mid-point converter and single-phase bridge 
converter. Find the power that these two converters can handle. Use a factor of safety of 2.5. 


Solution. Maximum voltage across SCR in single-phase mid-point converter is 2V,,, Fig. 


6.8. Therefore, this converter can be designed for a maximum voltage of ee = 200 V. 


». Maximum average power that mid-point converter can handle 


2Vn 2x 200 1 
=| 7 cos o Tray = = x 40 Tog = 5-093 kW 


SCR in a single-phase bridge converter is subjected to a maximum voltage of V,,, Fig. 
6.10, Therefore, maximum voltage for which this converter can be designed is 


1000 
35 7 400 V 
-. Maximum average power rating of bridge converter 
= 2% 400 , yo a 
= To00xn x 40 = 10.186 kW. 


6.3.2.2. Single-phase semiconverter. A single-phase semiconverter bridge with two 
thyristors and three diodes is shown in Fig. 6.11 (a). The two thyristors are T1, T2; the two 
diodes are D1, D2 ; the third diode connected across load is freewheeling diode FD. The load 
is of RLE type as for the full converter bridge. Various voltage and current waveforms for 
this converter are shown in Fig. 6.11 (), where load current is assumed continuous over the 
working range. : 
After wt =0, thyristor T1 is forward biased only when source voltage V,, sin wt exceeds 
E. Thus, T1 is triggered at a firing angle delay « such that V,, sino. > Z. With T1 on, load 
gets connected to source through T1 and D1 For the period a = o to x, load current iy flows 
through RLE, D1, source and T1 and the load terminal voltage vo is of the same waveshape 
as the ac source voltage v,. Soon after wt = x, load voltage Up tends to reverse as the ac source 
voltage changes polarity. Just as v9 tends to reverse (at wt = 1+), FD is forward biased and 
starts conducting. The load, or output, current ip is transferred from T1, D1 to FD. As SCR 
_T1 is reverse biased at at =1+ through FD, T1 is turned off at wt =1+. The load terminals 
are short circuited through FD, therefore load, or output, voltage vp is zero. during 
n< ot <(x+). After of =n, during the negative half cycle, T2 will be forward biased only 
when source voltage is more than E. At w=" +0, source voltage exceeds E£, T2 is therefore 
triggered. Soon after (x +), FD is reverse biased and is therefore turned off ; Joad current 
‘ now shifts from FD to T2, D2. At wt = 2n, FD is again forward biased and output current ig 
is transferred from T2, D2 to FD as explained before. The source current i, is positive from 
a to x when T1, D1 conduct and is negative from (x + 0) to 2 when T1, D2 conduct, see Fig. 
6.11 (5). 
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(a) . ©) 
Fig. 6.11. Single-phase semiconverter bridge (a) Power-circuit diagram with RLE load and 
(6) voltage and current waveforms for continuous load current. 

During the interval o to x, T1 and D1 conduct and ac source delivers energy to the load 
circuit. This energy is partially stored in inductance L, partially stored as electric energy in 
load-circuit emf E and partially dissipated as heat 
in R. During the freewheeling period x to (n+ a), 
energy stored in inductance is recovered and is 
partially dissipated in R and partially added to the 
energy stored in load emf £. No energy is fed back 
to the source during freewheeling period. 


For semiconverter, the average output voltage 
V), from Fig. 6.11 (5), is given by 


1 n y. 
Vo=2f, V,, sin wt -d (wt) =—% (1+ cos a) 


_ Van 
ra | _ 
The variation of voltage across T1 and T2 is 2 MS 
also'depicted in Fig. 6.11 (8). It is seen from these 7 (©) 


waveforms that circuit-turn off time for the Fig. 6.11. (c) Converter output voltage as a 
semiconverter is function of firing angle for semi- and 
full-converters. 
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The variation of average value of converter output voltage as a function of firing angle 
a is shown in Fig. 6.11 (c) for semiconverter and full converter. 

6.3.2.3. Analysis of two-pulse bridge converter with continuous conduction. In this 
part of the section, steady state analysis of single-phase two-pulse converter of both the types 
is presented. 

Semiconverter. During conduction period, the voltage equation for the circuit of Fig. 
6.11 (a), is 


up=0,=Rigt La +E , 46.30) 
for a<men 
During freewheeling period, the voltage equation is 
o=Rigt bet +E (6.31) 
dt 
for n< wt <(K+Q) 
Integration of the above voltage equations over the respective time intervals gives, 
n/@ n/o ty n/o 
from Eq, (630, J. vt RJ, igtt +L J, dis J,, Eat 
' From Eq. (6.31), 
(n+ a)/o (x +a)/@ iy (n+0)/o 
feo ae=R IL, it +L fi dit fn Boat, 


In the above equations, i, = output current at 
, of=0,n+caetc. andi, = output current at 
ot = %, 2n etc. 
Adding the respective terms from the above two equations and dividing the sum by the 
time of one-half cycle, (i.e. %/@), 


wo : (R+a)/o . 
2 Ihe V,, Sin ot + at- 2B me ot +L Mig i) + Ga~ tD +2 [n-a+nta—f 
or Vy=Rly+E (6.32) 
V, 
where Vo= a (1 + cos @) = average voltage applied to the load 


I, = average load current ; E = Load circuit emf 
In case load is a de motor, then E = K,, m3 R=Ta armature-circuit resistance ; [y=I,, 
armature current ; T,=Ky, Ja, 


where T,= electromagnetic torque in Nm. 
K,, = torque constant in Nm/A, or emf constant in V-sec/rad 


or ©, = —¥K 
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_V,,/m1 + cosa) ry 


or,, On me a 2 : (6.33) 
Full-converter. The voltage equation, for the circuit of Fig. (6.10) (a), is 
. 7 dig 
vo=v,=Rigt LO +E 
Its average value, as in a semi-converter, is 
Vo=RIp+E (6.34) 
where | Vo= ay cos 
In case load is a de motor, Vp = ral, + KW 
(2V,,/nm) cosa r, 
or ®,, = ——j,——__ - 7 (6.35) 
m Ke Ke e 


Example 6.5. A single-phase full converter bridge is connected to RLE load. The source 
voltage is 230 V, 50 Hz. The average load current of 10 A is continuous over the working range. 
For R=0.4Qand L=2mH, compute ‘ 

(a) firing angle delay for E = 120 V, 

(b) firing angle delay for E = ~ 120 V. 

Indicate which source is delivering power to load in parts (a) and (b): Sketch the time 
variations of output voltage and load current for both the parts. 

» (c) In case output current is assumed constant, find the input pf for both parts (a) and (b). 

Solution. (a) For E = 120 V, the full converter is operating as.a controlled rectifier. 


2m cos a= E+ IQR 


or BND 280 og a= 120+ 10x 0.4= 124 V : 
or ‘ & = 53.208 = 53.21° 
For @ = 53.21°, power flows from ac source to de load. 
(6) For Z =- 120 V, the full converter is operating as a line cominutated inverter. 
2.12280 cos a= -120+10x0.4=-116V or a= 124.075 = 124.1° 
For o = 124.1°, the power flows from de source to ac load. 
Output voltage and load current waveforms for a = 53.2i° can be drawn by referring to 
Fig. 6.10 (6) and for o = 124.1° from Fig. 6.10 (c). 
(c) For constant load current, rms value of load current 1,, is 
1, =Ip=10A 
V, 1,003 ¢=El,+ PR 
4 _ 120 10+10°x 0.4 | 
For a = 53.21°, cos $= 230 x 10 = 0.5391 lag 


‘ _ 120% 10-40 _ 
For a = 124.1°, 08 $= 50x10 TH) = 0.5043 lag. 
Example 6.6. (a) A single-phase full converter delivers power to a resistive loed R. For 
ac source voltage V,, show that average output voltage Vy is given by 


V2V, 
Va= q (i teos a) 
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Sketch ihe time variations of source voltage, output voltage, output current and voltuge 
across one pair of SCs. ‘Hence find therefrom the circuit turn-off time. 


(b) For the converter of part (a), show that rms value of output current is given by 


VE th 
T= R = (n~ a) +5 sin 20. 


Solution. Time variations of source voltage, load voltage and load current are shown in 
Fig. 6.12. At wt =, v9 =u, =0 and for resistive load R, 


i,= $= Oandip= =O, 
soon after wt=n, supply voltage reverse biases T1, T2; 
this pair is therefore turned off. When T3, T4 is triggered 
at wt=n+ a, output voltage vp=v, up to a= 2n. Note ' 
that no SCR conducts during 0 to a, x to (n+) and so aalvy, 
on, Fig. 6.12. For the output voltage waveform Uo, [= 


. a  \(94q) 2m™(2n- 
average output voltage Vo is af Mig (ya) 2nX(Q2n¢a) wi 
y if 


— 


an 


1 

| 

j 

i 

| 
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@ 

: \ 
io! 


ea 
Voz Jz Vn sin ot -d(ae) Se REE ~ 
ay eTT244 AhRTelt LeTIT2-«| 
No SCR conducts 
Fig. 6.12, Pertaining to 
Example 6.6. 


v2V, 


oo (1 + cos &) 


The other waveforms can be drawn by referring to Fig. 6.10 (6). 
(6) Rms value of the output current can be obtained from the waveform ig shown in Fig. 


6.12. 
1/2 
a] 2 ("( Yagi 
1=| BE R cnet | ae 
1/72 


V,| 14" 
-¥ (20 (1 — cos 2axt) d(wt) 


ve 172 
A? aaj bsin2a | 

Example 6.7. (a) A single-phase controlled rectifier bridge consists of one SCR and three 
diodes as shown in Fig. 6.13 (a) Sketch output voltage waveform for a firing angle o. for the 
SCR and hence obtain an expression for the average output voltage under the assumption of 
continuous current. Show the conduction of various components as well. 

(b) Draw waveforms of current through T1, D1, D2 and D3 assuming constant load current. 

(c) For an ac source voltage of 230 V, 50 Hz and firing angle of 45°, find the average output 
qurrent and power delivered to battery in case load consists of R=5Q,L=8 mH and 
E=100V. 

Solution. (a) For the circuit of Fig. 6.13 (a), output voltage waveform up is shown in Fig. 
6.13 (b). The conduction of various components is also indicated. It is seen that average value 
of up is given by 
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(a) (6) 
Fig. 6.13. (a) Circuit diagram for Example 6.7 (6) Various voltage and current waveforms. 


1 [ ™ . Qn , : 
Vo on i, Vp. sin cot deat) - f V,q Sin cot - d(cot) 


Vin 
= OR [3 + cos a] 


(6) The conduction of various elements shown helps in drawing the waveforms for currents 
through T1, D2, D2 and D3. For example, D3 conducts from wt = 0 to a, from x to 2n + 0, from 
3x to 4x + a and so on ; this is shown as ips in Fig. 6.13 (6). 


{c) Vo= 42-280 20 (3 + cos 45°) = 191.88 V 
1, = 22288-100 - 18.376 A 
Power delivered to battery =EIy= 2005 BSS = 1.8376 kW 


Example 6.8. A single-phase full converter feeds power to RLE load with R=60, 
L=6mH and E=60V. The ac source voltage is 230 V, 50 Hz. For continuous conduction, 
find the average value of load current for a firing angle delay of 50°. 

: In case one of the four SCRs gets open circuited due to a fault, find the new value of average 
load current taking the output current as continuous. Sketch waveform for the new output 
voltage and indicate the conduction of various SCRs. 
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1 2V, 2. 23 
"Solution. Vy= oe cos &= ae ae cos 50° 


= 133.084 V 
1, = YozE _ 133.084 - 60 
or Ri 6 
=12.181A 

Suppose SCR T3 in Fig. 6.10 (a) is damaged and 
is open circuited. With this, output voltage waveform |! 
Up is as shown in Fig. 6.14. Initially, suppose T1, T2 - 
are conducting from o tom +o. At wf =n + 0, when T3, ie 
74 are gated, only T4 is turned on and as a result, +| T1T2 eke T1T4 eb T1T2 1 
load current freewheels through T1, T4 is zero till T1, TITS 
T2 are triggered again at wt=2n+a. For this Fig. 6.14, Pertaining to Example 6.8. 
waveform, average output voltage is given by 
1 ptt 


* i. Vin 
Vy Vin sin at - d(wt) =~ cos 0 


~ Ona 
v2 a cos 50° = 66.542 V 


1, - $6:542- 60 
9 6 
It is seen that load current is reduced radically with one SCR getting open circuited. It 
is algo observed that thyristor T1 remains on. 


6.4. SINGLE-PHASE TWO-PULSE CONVERTERS WITH ; 
DISCONTINUOUS LOAD CURRENT 

So far, single-phase two-pulse converters have been studied on the assumption of 
continuous load current. In practice, the output current may become discontinuous at high 
values of firing angle or at low values of load current. The term discontinuous is applied to 
the condition when load current reaches zero during each half cycle before the next SCR in 
sequence is fired. The term continuous means that load current never ceases but continues 
to flow through SCR/diode or their combination. The load performance deteriorates if load 
current becomes discontinuous, It is therefore preferable to operate dc load in continuous 
current mode. This is promoted by having freewheeling action and using an external inductor 
in series with the load. In this article, working of both single-phase full converter and 
semiconverter is studied with their load current discontinuous. 

6.4.1. Single-phase Full Converter with Discontinuous Current 

Power circuit diagram for a single-phase full converter is shown in Fig. 6.10 (a). For this 
converter, when SCR pair T1 T2 is triggered at wt = a, load current begins to build up from 
zero as shown. At some angle B, known as extinction angle, load current decays to zero. Here 
B>n. As Tl and T2 are reverse biased after wt =, this pair is commutated at wt = 6 when 
ij=0. From a to B, output voltage up follows source voltage v,. From f to (r+ a), no SCR 


conducts, the load voltage therefore jumps from V,, sin B to F as shown. At wt =1 + a, as pair 
73 T4 is triggered, load current starts to build up again as before and load voltage uv, follows 
v, waveform as shown. At n + B, ig falls to zero, vp changes from V,, sin (x + 8) to Z as no SCR 
conducts. The source current i, is also shown in Fig. 6.15 (a). 


Vo= 


= 1.0903 A. 


202 (Art. 6.4] ° Power Electronics 


"From § to x +a, no circuit component conducts, therefore ug = E as shown in Fig. 6.16 (a). 
During f to # +0, as load current is zero, this makes the load current discontinuous. When 
T2 is triggered at 1 + G, ip builds as shown. At 2n, FD is forward biased and starts conducting 


till n+. During the time FD conducts, vp = 0. From'n +B to (2n+ &), no circuit component 
conducts, therefore v, = E. At (2x +), T1 is triggered again and the above process repeats. 
Source current i, is also shown in Fig. 6.16 (¢). i 


3 
[ii 
ne 


ty 
1 
1 
1 


H i ‘ 
lol T101 jelore-T202 
Or ms 0% aa 

foi 
te 


(b) A< 7 and V,sinB<E 
Fig. 6.16. Voltage and current waveforms for discontinuous 
conduction for a single-phase semiconverter. 


In case load current becomes zero before 7, i.e. for B less than x, then the current and 
voltage waveforms are shown in Fig. 6.16 (6). Here V,, sin B is assumed less than E. During 
f to z+, no circuit component conducts, therefore vp = E. 

From the waveforms for single-phase semiconverter, the following observations are made: 

(a) When n<f<n+a: 

(i) Conduction period, a < @ <x, T1D1 conduct and ug =v,. Also 

for n+ a <u < 2n, T2D2 conduct and up = v, and so on. 
(ii) Freewheeling period, 1 < wt < B, FD conducts, ij, = ip and v9 = 0. Also 
for 2n < wt <n +, FD conducts, is; = ig and vp = 0 and so on. 
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Vs 


v 2n 35 4m wt 


(b) B<m and V,, sin B<E 
Fig. 6.15. Voltage and current waveforms for discontinuous load 
current for a single-phase full converter. 


Under some conditions, load current may become zero at wt =f, where B is less than x. 
It is assumed here that V,, sin B < E. At 8, vp jumps from V,, sin B to E. The waveforms for 
load current ig and load voltage vp are shown in Fig. 6.15 (6). No SCR conducts from f to 
(n+) and during this interval, therefore up = E. 

From above, the following observations can be made : 

(i) Conduction period, a < at <p, T1, T2 conduct and vy = v,. Also 

(n+ 0) < ot <(x + B), T3 T4 conduct and v, =v, and so on. 

(ii) Idle period , 8 < wt <(x+ a), no circuit element conducts and up = E. 

The output voltage during discontinuous current mode is less than given by Eq. (6.28). 
As stated before, load performance during discontinuous conduction is impaired. 

6.4.2. Single-phase Semiconverter with Discontinuous Current 


For this converter, power circuit diagram is given in Fig. 6.11 (a). For this controlled 
2-pulse converter, when SCR T1 is triggered at w¢ = a, load current builds up from zero, rises 
to a maximum and then decays to zero at 8 > x. 

From o to , T1 D1 conduct and uy =v,. At wt = 1, as v, tends to become negative, FD is 
forward biased and starts conducting the load current. When FD conducts from x to 
B, vp = 9. 
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(iii) Idle period, B < wt <1 +0, no circuit component conducts, ip = 0 and v9 =E 
(b) When B<nand V,, sinB<E: 
(é) Conduction period, o < wt < 8, T, D, conduct and up = v,. Also 
for n+a< ot <x+, T2 D2 conduct and vo = v, and so on 
(ii) Freewheeling period, absent and i;g = 0. 
(iit) Idle period, B<at<n+aandn+B<wi<2n+, no circuit element conducts, 
ig = O and v9 = E. 

The output voltage during discontinuous conduction is not given by Eq. (6.29). The load 
performance with discontinuous load current deteriorates as stated before. 

For single-phase full converter for B > x or < x and also for single-phase semiconverter for 
B <1, the average load current is given by 


«10 cin wt Ape ae 

Ib==R 1 (Vm Sin wt E) d(wt) = aR (cos & ba B) aR (B-— a) 

Average output voltage 
V, 
Vp = E+ [gh = (cos a - cos pre(r-2) 
where ‘y= conduction angle = B-«. 
For single-phase semiconverter with B > x, the average output current Iy is given by 
Vin E 
b= aR (cos & — cos B)- sR B-%) 


and average output voltage Vy is 


veil 


Vain ota +8 + 0-6) 
a 


hos -"ea+eneay+2(1-2) 
Ea n 


6.5. THREE-PHASE CONVERTER SYSTEMS USING DIODES 

For understanding the working of three-phase controlled rectifiers, it is better to 
commence with the study of 3-phase ac to de converters using diodes. 

In Fig. 6.17 are shown the simplext three-phase rectifier circuits with half-wave 
configuration. The power circuit of Fig. 6.17 (a) consists of three diodes Al, B1, Cl connected 
to a common load. The other load terminal must be connected to neutral N of the supply for 


(a) (6) 
Fig. 6.17, Three-phase half-wave rectifier with (@) common cathode arrangement 
and (b) common anode arrangement. 
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retyrn of load current. As the cathodes of three diodes are connected together, circuit of Fi. 
6.18 (ay is also called common cathade circuit tor a S-phase half-wave rectifier. Thw three 
phase supply voltage is shown as t, (+ t,,. voltage between A and NV), vy.0, in Fig. 6 1B ta. 


aig Sain 


(a) freee al 


b— 120° —-—»i 


(b) [er] at Bt [To 
vol Ve Vo gaa Nb woalwzgNe 9 
ee oe AA ~~ aN 
| aa + VY ~~ 
a 


L ____ Neltage ot terminal P" 


(c) 


776 7] 
be I cycle = 20 = 360°-—--- 


@ De [oe a 


—— 


Yo ni2 a 1 _____Voltageot termina! G eee wt 
ty) iz On 
“. 
(e) | Z ge wie Pd a hey 
[ Vb ; ve Yo ve Vv. 


Fig. 6.18. (a) Line to neutral voltages (b) and (d) diode conduction and (c) and (e) load voltage Vo. 


The rectifier element connected to the line at the highest instantaneous voltage can only 
conduct. In Fig. 6.17 (a), a diode with the highest positive voltage will begin to conduct at 
the cross-over points of the three-phase supply. It is seen from Fig. 6.18 (a) that diode A1 will 
conduct from at = 30° to wt = 150° as this diode is the most positive as compared to the other 
two diodes during this interval. Diode B1 will conduct from wt = 150° to 270° and diode C1 
from wt = 270° to 390°. The conduction of diodes in proper sequence is shown in Fig. 6.18 (6). 
When a diode is conducting, the common cathode terminal P rises to the highest positive 
voltage of that phase and the other two blocking diodes are reverse biased. The voltage across 
the load Vp follows the positive supply voltage envelope and has the waveform as shown in 
rid 6.18 (c). It should be noted that voltage of the neutral point. N is taken as zero and is 
given by the reference line wz. The voltage of point P of Fig. 6.17 (a) is shown by v,, v,, v, etc. 
above the reference line in Fig. 6.18 (c). It is seen that for one cycle of supply voltage, output 
voltage has three pulses, the circuit of Fig. 6.17 (¢) can therefore be called a 3-phase 3-pulse 
diode rectifier or 3-phase half-wave diode rectifier. 


For the rectifier circuit of Fig. 6.17 (b), called common anode circuit for a 3-phase 
half-wave rectifier, a diode will conduct only during the most negative part of the supply 
voltage cycle. This means that a diode will conduct when the neutral is positive with respect 
to 4A, BorC. Therefore, for the voltage waveform of Fig. 6.18 (a), diode C, conducts from 
wt = 90° to 210° as this is the most negative as compared to other two diodes during this 
interval. Diode A2 conducts from af = 210° to 330° and diode B2 from w¢ = 330° to 450° and 
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so on. Each diode conducts for 120° in both the circuits of Fig. 6.17. The load voltage V4, 
pe from Fig. 6.18 (a), follows the negative supply voltage envelope and has the waveshape 

shown in Fig. 6.18 (e) for the diode configuration of Fig. 6.17 (b). Here again voltage of the 
neutral point N is fixed at zero by reference line wt in Fig. 6.18 (e). The voltage of point Q of 
Fig. 6.17 (b) is shown by. v,, u,, v, etc. below the reference line, in Fig. 6.18 (e). 


The three-phase half-wave rectifier circuits of Fig. 6.17 (a) and (6) can be connected in 
series as shown in Fig. 6.19 (a). In this series connected circuit, load current can exist even 
without neutral N. For example, when diode A1 is conducting, the return path for the current 
is through diode B2 from wt = 30° to 90° and through diode C, from wt = 90° to 150°, see Fig. 
6.18 (b) and (d). Supply point A connected to the anode of diode Al is the same as that 
connected to the cathode of diode A2. The neutral wire can thus be eliminated and the circuit 
of Fig. 6.19 (a) can be redrawn as shown in Fig. 6.19 (6). This circuit can further be rearranged 
to that shown in Fig. 6.19 (c). The only difference between Fig. 6.19 (a) and Figs. 6.19 (6) and 
(c) is that load voltage is equal to line to neutral voltage in Fig. 6.19 (a) and it is line to line 
voltage in Fig. 6.19 (6) and (c). The circuit configuration s!:own in Fig. 6.19 (c) is called 3-phase 


e 
pie Fy PEt I 
1 


(a) (6) (c 
Fig. 6.19, Evolution of 3-phase six-pulse rectifier. (a) Circuits of Fig. 6.17 (a) dua ts) connected 

in series (b) circuit of (a) rearranged and (c) 3-phase full-wave bridge rectifier obtained from (5). 
full-wave bridge rectifier or 3-phase six-pulse bridge rectifier. Note that diodes Al, BI, C1 of 
the bridge will conduct when supply voltage is the most positive whereas diodes A2, B2, C2 
will conduct when supply voltage is the most negative. Diodes Al, B1, C1 may therefore be 
called a positive diode group and A2, B2, C2 a negative diode group. The voltage across load 
will always be direct emf with the polarity of P positive and that of Q negative as shown. 


Line to neutral, or phase, voltages of Fig. 6.18 (a) are again drawn in Fig. 6.20 (a) as 
Ug: Up, U,- Figs. 6.18 (6) and (d) are combined and redrawn as shown in Fig. 6.20 (6), which 
shows that for wt = 0° to 30°, diodes C1, B2 conduct together ; for wt = 30 to 90°, diodes Al, 
B2 conduct together and so on. Each diode conducts for 120°. At the instant marked 1, diode 
(B2 is already on and the conduction of diode C1 stops and that of Al begins. The magnitude 
of load voltage V, at instant 1 is therefore given by 


V1 =V,p sin 804 V,,, sin 99° = 1.5 Ving 


ap © 
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At'the instant marked 2, the load voltage has a magnitude of 
V2 = Vip Sin 60 + V,,, sin 60° = V3 V,,, 

At the instant marked 3 , V;=1.5 V,,). ; 

Here V,,, is the maximum value of phase (or line to neutral) voltage. 

The voltage of the load terminals P and Q of Fig. 6.19 (c) is shown in Fig. 6.20 (a), This 
figure also reveals that at the instants marked 2, 4, 6, 8, 10 etc, the load voltage has a 
magnitude of V3 V»p and at instants the marked 1, 3, 5, 7, 9, 11 etc., the magnitude of load 
voltage is 1.5 V,,,. The load voltage, or the rectified output voltage, vy can therefore be plotted 
as shown in Fig. 6.20 (c). Each diode conducts for 120°. It should be remembered that in Fig. 
6.20 (C), Vabs Vacs Vag ete., are line voltages whereas in Fig. 6.20 (a), v,, vy, v, are phase voltages. 
The dual subscript ab in v,, may be taken to denote that as per the first subscript ‘a’, diode 
connected to phase A from the positive group, i.e. Al conducts and as per the second subscript 


‘b’ diode connected to phase B from the negative group, i.e. B2 conducts. For example, for 
voltage v,,, diode C1 from positive group and diode B2 from negative group conduct. 


Voltage of terminal P 


— 
123 4 5 6 7 8 wt 
30° e—--————_ 1 cycle = 2” = 360° —-—————_>} 


Fig. 6.20. (a) 3-phase input voltage (5) Conduction sequence of positive and negative 
group of diodes (c) Output voltage waveform of 3-phase six pulse diode bridge. 

In Fig. 6.20 (c), voltage of terminal Q is shown at zero potential by straight reference line 
wt, whereas the voltage of terminal P is shown by line values u,, vg, Ug, etc. In fact, if 
waveform of voltage of terminal @ in Fig. 6.20 (a) is made a straight line, Fig. 6.20 (c) is 
obtained. 

Fig. 6.20 (c) shows that there are 6 pulses for one cycle of supply voltage. Thus, this bridge 
can be called a 3-phase six-pulse diode rectifier. The object of this article has been to examine 
the evolution of a 3-phase bridge rectifier from a 3-phase half-wave rectifier. 

As in single-phase conveters, the average output voltage in a 3-phase diode rectifier can 
be obtained by considering the output voltage wave over one periodic cycle. 

For a 3-phase diode rectifier of Fig. 6.17, the periodicity is 120° or 2n/3 radians as per 
Fig. 6.18 (c). Here the output voltage comprises of phase voltages v,, v,, v, and its average 


value Vy is given by 
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Vo=— J», aren = 5 [” vin oe - det 
" 0= Deriodic time /e, “@ (Of) = 95 deve Vmp 10 (at). 


In the above expression, v, is zero at wt = 0; therefore V,,, sin wt is written for v,. Further, 
v, appears from at = 30° to 150° in the output voltage waveform, these are therefore the limits 
of integration 


-3V, 5n n] 3\3V,, 3V6V,, 
= ™P - =A AP ra 6. 
Vo on [ce 6 8% On On .-(6,36) 


In Eq. (6.36), V,,) is the maximum value of phase voltage V,,. 
For a 3-phase six-pulse diode rectifier, the output voltage of Fig. 6.20 (c) consists of line 
voltages 0,5, Vac, Vie, Vea etc., and its average value Vp is given by 


poe See dwt) 
0™ periodic time /«, ~*° 


The value of u,, at wt = 0° is V,, sin 30° and periodicity is 60° or 1/3 radians. 


3Vm _ 3V2 V, 
x on 


(6.37) 


a(™ F 
Vora eve Vmi Sin (cat + 30) d(eat) = 


In Eq. (6.37), V,,, is the maximum value of line or line to line voltage V;. 


Example 6.9. For a 3-phase half-wave diode rectifier, show the time variation of input 
voltage and the voltage across one diode for one complete cycle. Find the maximum value of 
reverse voltage across the diode and its duration for an input supply voltage of 230 V, 50 Hz 
from a delta-star transformer. 

' Solution. The three-phase input voltage waveform is shown as v, v,, ¥, in Fig. 6.21.- 
Voltage across a conducting diode is zero. Let us plot the voltage variation across one diode 


veh v 
| lo Yb y y, 


be cycle = 360° = : 1 
varf = 2w/3 = 240° | 


Fig. 6.21. Pertaining to Example 6.9. 


Al connected to terminal A in Fig. 6.17 (a). From instant 1 to 2, voltage across diode Ai is 
zero during its conduction, Fig. 6.21. For diode Al, it is possible to generalize as under : 


Diode Al conducting, voltage v4, across Al=u, -v,=0 
Diode B1 conducting, vg; =U,-U, 
Diode C1 conducting, v4,;=v,-v, 
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j -. At instant 3, Yar = Vq Uy = 0 ~ V,,, Sin 60° = — Z Ving 
At instant 4, v4; =u, - 4, =~ V,,, sin 30-V,,,=~-1.5V,,, 
At instant 5, vay =0q— Ug =— Vp Sin 60 — V,,, Sin 60 =-- V3 Vian 
At instant 6, va) = Ug — U4 =— Vinp~ Vinp Sin 30° =- 1.5 V,,, 
At instant 7, v4, =v, —¥, =-V,,, sin 60 - V,,,, sin 60 = ~ V3" V »p and so on. 
The voltage variation across diode Al is shown as vg, in Fig. 6.21. It is seen from this 
figure that maximum reverse voltage across Al is V3 Veg = V3. V2 - 220/V3 = 2 - 230 


=925.22V and the duration of this reverse voltage is 240 degrees or 240 | 90 


360 
= 13.333 msec, 


Example 6.10. For a 3-phase thyristor controlled half-wave rectifier feeding load R as 
shown in Fig. 6.22 (a), show that average output voltages are given by 


Voz Bg Vinp COS O for O<a<n/6 
3 t 5x 
and Vo= 35 Vinp [1 + cos (a+7/6)) for sus 6 


where V,,, is the maximum value of phase voltage and « is the firing angle delay. 


Solution. For a 3-phase SCR controlled converter of Fig. 6.22 (a), the output voltage 
waveforms are shown in Fig. 6.22 (b). If Tl were replaced by diode in Fig. 6.22 (a), it would 
start conducting from wf =2/6 as in Fig. 6.18 (b). Thus, firing angle delay in Fig. 6.22 (6) 
must be measured from wt = 7/6 and this is shown accordingly in Fig. 6.22 (bd). It is revealed 
in Fig. 6.22 (bi) that for « up to 30°, vy is continuous. Thus for 0 < a < 7/6, the average value 
of output voltage is given by 


aa Sys _ 38 
Vo On fia) "remeron = On Vinp COS & 


Tt 
A 

T2 
B 

73 
c 
N 


{a) (6) 
' Fig. 6.22. (a) 3-phase half-wave SCR converter and (6) its output voltage waveforms for 
@ 0 <a < 30° and (i) 30 < a < 150° 


For firing angle greater than 30°, the output voltage is discontinuous for a resistive load. 
Fig. 6.22 (b-ii) shows this output voltage for a = 45°. This figure reveals that for firing angle 
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a> 30°, vg is zero at x. The limits of integration should, therefore, be from f z +a }e n. Thus, 


for this waveform, the average output voltage V, is given by 


3 f* : 3V, t 
Von lesa Vap tn tot) = 51 + cna § 


In Fig. 6.22 (a), ifload R is replaced by RL, then for continuous conduction, average output 
voltage vg is again given by 
‘ 5x 


se - _3-V3 _3 
Vo=on rae Vinp Sin wt - d(cot) = = Vinp 008 & = > Vint COS Ct. 


Example. 6.11. Derive expressions for the average output voltage for a 3-phase three-pulse 
diode rectifier and a three-phase six-pulse diode rectifier using cosine function for the input 
supply voltage. 

Solution. The variation of output voltage is shown Fig. 6.23 (a) for a 3-phase 3-pulse 
converter. This is obtained from Fig. 6.18 (c). For using the cosine function for the input 


ro! 


' 
t 
21]34+ >} 


(a) (6) 
i 8 Fig. 6.23, Pertaining to Example 6.11. 
voltage, the origin must be taken when instantaneous voltage is maximum. So here origin is 
taken at 00’ as shown in Fig. 6.23 (a). With OO’ as origin, v, = V,, cos wt and integration 
must be made from instant 1 where wt =-n/3 to instant 2 where wt =n/3. Thus, average 
output voltage V, for a 3-phase 3-pulse converter is 


Vip 008 wt - d(axt) = = y, (6.36) 


For a 3-phase six-pulse converter, the output voltage variation, obtained from Fig. 6.20 (c), is 
shown in Fig. 6.23 (6). Here again origin is taken at 00’ where voltage is maximum for v,4. 


3 R/6 3V. 
Vo= af wu Vat €08 Ot - d(ct) = —— 2 6.37) 


6.6. THREE-PHASE THYRISTOR CONVERTER CIRCUITS 


For large power de loads, 3-phase ac to de converters are commonly used. The various 
types of three-phase phase-controlled converters are 3-phase half-wave converter, 3-phase 
semiconverter, 3-phase full converter and 3-phase dual converter. Three-phase half-wave 
converter is rarely used in industry because it introduces de component in the supply current. 
Semiconverters and full converters are quite common in industrial applications. A dual 
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cdnverter is used only when reversible dc drives with power ratings of several MW are 
required. =i : 
The advantages of three-phase converters over single-phase converters are as under : 
(é) In 3-phase converters, the ripple frequency of the converter output voltage is higher 
than in single-phase converter. Consequently, the filtering requirements for smoothing out 
the load current are less. . 


(ii) The load current is mostly continuous in 3-phase converters. The load performance, 
when 3-phase converters are used, is therefore superior as compared to when single-phase 


converters are used. 
In this section, three-phase full converters and semiconverters are discussed. 


6.6.1. Three-phase Full Converters 


If all the diodes of Fig. 6.19 (c) are replaced by 
thyristors, a three-phase full-converter bridge as 
shown in Fig. 6.24 is obtained. The three-phase input 
supply is connected to terminals A, B,C and the load 
RLE is connected across the output terminals of con- 
verter as shown. As in a single-phase full-converter, 
thyristor power circuit of Fig. 6.24 works as a three- 
phase ac to de converter for firing angle delay 
0° < 0 $ 90° and as three-phase line-commutated in- 
verter for 90° <a < 180°. A three-phase full converter Fig. 6.24. Power circuit for a 3-phase 
is, therefore, preferred where regeneration of power is full-converter feeding RLE load. 
required. The numbering of SCRs in Fig. 6.24 is 1, 3,5 
for the positive group and 4 (=1+3), 6(=3+3), 2(=5+3-6) for the negative group. This 
numbering scheme is adopted here as it agrees with the sequence of gating of the six thyristors 
in a.3-phase full converter. : 

For a= 0°; Ti, T2.......16 behave like diodes. This is shown in Fig. 6.25 (a). The sequence 
of conduction of SCRs T1 to T6 is also indicated in this figure. Note that for a= 0°, T1 is 
triggered at wt = 1/6, T2 at 90°, T3 at 150° and so on. The load voltage has, therefore, the 
waveform as shown in Fig. 6.20 (c). For a = 60°, the conduction sequence of thyristors T1 to 
76 is shown in Fig. 6.25 (6). Here T1 is triggered at ot =30°+60°=90°,T2 at 
90 +60 = 150° and so on. If the conduction interval of various thyristors T1, T2, ..... T6 is 
shown first, then it becomes easier to draw the voltage and current waveforms. Note that 

ach SCR conducts for 120°, when T1 is triggered, reverse biased thyristor 75 is turned off 
d T1 is turned on. T6 is already conducting. As T1 is connected to A and T6 to B, voltage 
vg, appears across load. It varies from 1.5 V,, to zero as shown. Here V,,, is the maximum 
value of phase voltage. When T2 is turned on, T6 is commutated from the negative group. 
Tl is already conducting. As T1 and T2 are connected to AandC respectively, voltage v,, 
appears across load. Its value varies from 1.5 V,,, to zero as shown. This sequence of triggering 
is continued for other SCRs. 

Note that positive group of SCRs are fired at an interval of 120°. Similarly, negative group 
pf SCRs are fired with an interval of 120° amongst them. But SCRs from both the groups are 
fired at an interval of 60°. This means that commutation occurs every 60°, alternatively in 
upper and lower group of SCRs. Each SCR from both groups conducts for 120°. At any time, 
two SCRs, one from the positive group and the other from negative group, must conduct 


~_ 
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together for the source to energise the load. For ABC phase sequence of the three-phase 
W ia thyristors conduct in pairs ; T1 and T2, T2 and T3, T3 and T4 and so on. 


(a) Fe Sroup 
T2 ve Group 
7 


pS Ts ve Group 
2p ee ve croup 


> 
ut 
Fig. 6.25. Voltage waveforms and conduction of thyristors for a 3-phase full converter. 

The sequence of events in Fig. 6.25 can also be shown more conveniently if line voltages, 
instead of phase voltages, are considered. In Fig. 6.26 (a) are shown line voltages 
Vab» Vacr Vier Vgq Cte. For a=0°, SCRs T1, T2,....T6 behave as diodes and the output voltage 
waveform is as shown in Fig. 6.26 (a) by u,4 Vgc Ug, ete. In this figure, for «= 0, T1 is turned on 
at ot = 60°, T2 at wt = 120°, T3 at wt = 180° and so on. In Fig. 6.26 (a), therefore, firing angle is 
measured from wt = 60° for T1, from wf = 120° for T2, from wt = 180° for T3 and so on. 

The question may arise in the minds of the readers as to why T1, for « = 0, conducts from 
wt = 60° and not from ox = 0°. Here the use of subscripts ab, ac, bc, ba etc come to the rescue 
of readers. As observed, the subscripts in sequence appear twice. When first subscript appears 
twice, the SCR in the positive group pertaining to that line conducts for 120°. Likewise, when 
second subscript comes twice, the SCR in the negative group pertaining to that line conducts 
for 120°. For example, first subscript ‘a’ appears twice in Ug», Vac 3 therefore SCR from positive 
group T1 will begin conduction when v,, appears i.e. at wt = 60°. In v,,, Vgc, Second subscript 
‘C appears twice, therefore SCR from negative group T2 will begin conduction when v,,, 
appears i.e. from wt = 120° in Fig. 6.26 (a). Similarly, first subscript ‘b’ appears twice in 
Vac, Ua, SO SCR from positive group T3 wili hegin conduction when vu, appears i.e. from 
wt = 180° in Fig. 6.26 (a). 
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For « = 60°, T1 is turned on at wi =.60 + 60 = 120°, T2 at wt = 180°, T3.at wt = 240° and so 
on. When T1 is turned on at ct 120°, 5 is turned off. T6 is already conducting. As Tl and 
T6 are connected to A and B respectively, load voltage must be v,, as shown in Fig. 6.26 (5). 
When T2 is turned on, T6 is commutated. As T1 and T2 are now conducting, the load voltage 
5 Vgc Fig. 6.26 (6). In this manner, load voltage waveform can be drawn with the turning on 


ae SA |S O&K: OSI 
(b) Se aa A fC OS ave grour 


voh 1a, = 90° 390° -- Ag= 90 —> 
0 Yea Yeb Yab Vac [N¥be Yba [Xvca Yep 
wt 
a= 90° Yoo 
io hea icp ‘ 
(c) 0 


p03 = 150° 


Voh ba, = 150-1 b— ag =150-— 
> 
of- at 
Voc Ybo ea [Neb [Nige Yoo Pipe Neo Peco] + 
t— a, = 180° —1 HK 0% =150°—>4 
i pe a, = 150°—— 
a= 150° ibe iba ico tee tb jac tbe ipa ico 
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(d) ‘ 
> 
wt 
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Fig. 6.26. Voltage and current waveforms for a 3-phase full-converter for different firing angles. 
or off of other SCRs in sequence. For «= 90°, the load voltage is symmetrical about the 
reference line wt, therefore its average value is zero. For «= 150°, Tl is triggered at 
wt =210°,T2 at 270° and so on. The output voltage waveform is shown in Fig. 6.26 (d). It is, 
seen from this figure that average voltage is reversed in polarity. This means that de source 
is delivering power to ac source ; this is called line-commutated inverter operation of the 
3-phase full converter bridge. It may be seen from above that for a = 0° to 90°, power circuit 
of Fig. 6.24 works as a 3-phase full converter delivering power from ac source to de load and 
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for « =90° to 180°, it works as a line-commutated inverter delivering power from dc source 
t0 ac load. It can work in the inverter mode only if the load has a direct emf E due to a battery 
or a dc motor. It should be noted that direction of current for both converter and inverter 
operations remains fixed but the polarity of output voltage reverses. 


Source current i, in phase A is also drawn in 
Fig. 6.26 (d) for o = 150°. For the arrow direction 
indicated in Fig. 6.24, i, is treated as positive. * 
Therefore i, is positive when T1 is conducting, ° 
i.e. when first subscript for voltages or currents is 
‘a’. Likewise i, is negative when T4 is conducting, 
ie. when the second subscript for voltages or 
currents is ‘a’. Source current waveforms for other 
two phases can also be drawn accordingly. For 
other firing angles, source currents can be drawn Fig. 6.27. Output voltage waveform for a 
similarly. 3-phase full converter. 

Expression for the average output voltage Vy 
can be obtained by referring to Fig. 6.27 where v,,, v,, etc. are sketched from Fig. 6.26 (a) for 
firing angle delay « < 30°. Note that periodicity of output voltage is 1/3 radians. Average 
value of output voltage is obtained by finding the dashed area abcd over a periodic cycle, Fig. 
6.27, and then dividing it by the periodic time. With OO’ as the origin at the maximum value 
of Uap, Vo is given by 

(++) 
3 


V=2 JV, c0s at - dae) 
fe | 
V, 
=| sn ag }-sin a+ =e oma ...(6.38) 
r 6 6 T 


Here V1 is the maximum value of line voltage. 


If sine function is used for the source voltage, then v,, = V,,, sin wt because v,, = 0 at 
wt =0, 


2x 
3¢e 
Vo=2 J Vy sin at - d(we) 
ORs tm 
x 
gte 
3V, 3V, 
=-="! cos { 28 +0. | cos Sea |=—™eosa 16.38) 
Tt 3 3 x 
It is observed from Fig. 6.26 that source current for phase A, i.e: i, (or for any ot‘1er phase) 


flows for 120° for every 180°. Therefore, in case output current is assumed constant at I,. the 


rms value of source current is ; 
L = nxt =I, V2 
sO 3 “x “ONG 


Each SCR conducts for 120° for every 360°. Therefore, the rms value of thyristor current 
is 
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i 1 dyn, = 2x d aly i 


6.6.2. Three-Phase Semiconverters 

In Fig. 6.19 (c), if diodes Al, Bl, Cl are replaced by thyristors T1, T2, T3 respectively, a 
3-phase semiconverter bridge of Fig. 6.28 is obtained. A freewheeling diode FD, in paralle! 
with RLE load, is connected across the output terminals of the semiconverter as shown. 
Three-phase balanced supply is given to the three input terminals A, B,C of Fig. 6.28. 

The output voltage ug across the load terminals is controlled by varying the firing angles 
of SCRs T1, T2 and T3. The diodes D1, D2 and D8 provide merely a return path for the 
current to the most negative line terminal. : 

The semiconverter bridge operation for different firing angles is shown in Fig. 6.29 in the 

form of voltage and current waveforms. The 
conduction angles for the SCRs, diodes or FD are ’ ; a 
also shown. For a firing angle delay of a =0°, 2 13 
thyristors T1, T2, 3 would behave as diodes and 
the output voltage of semiconverter would be 
symmetrical six-pulse per cycle as shown in Fig. Bo 
6.29 (a). The output voltage consisting of pulses 0 | 
Vebs Pads Vac Yoe CCC. shown in this figure is similar to - ne 
that shown in Fig. 6.20 (c). The output voltage al 
consists of pulses 0,52 Vacs Vcr Vda Cte: a8 in Fig. 6.20 
(c). When the firing angle is delayed to 0 = 15° (say) ‘ ss 2 
as shown in Fig. 6.29 (b), the triggering of SCRs Tl, i, Bs Bene a Pail: es 
2, T3 is delayed but return diodes D1, D2, D3 : 
remain unaffected so that only alternate pulses are altered. The load current is continuous 
and has little ripple. The FD does not come into play for o = 15°. Each SCR and diode conduct 
for 120°. : 
In Fig. 6.29 (a), Ug is the load voltage from at = 0° to 60°. As the first subscript indicates 
conducting element in the positive group, U., shows that T3 is already conducting through 
diode B2 of negative group. Voltages Ua: Yac indicate that, according to the first subscript, 7 
conducts for 120° and it begins to conduct at wt = 60° for a= 0° as shown in Fig. 6.29 (a). 
Similarly, v4,, Vs_ indicate that T2 conducts for 120° and it begins to conduct at wt = 180° for 
a=0°. An SCR with zero degree firing angle behaves like a simple diode. Thus, as per the 
definition of firing angle, it should be measured from wt = 60° for T1, from wt = 180° for T2, 
som wt = 300° for T3 and so on. 

For a= 60°, Fig. 6.29 (c), the thyristors are fired so that current returns through one 
diode during each 120° conduction period. For voltage U,,, T1 and D3 conduct simultaneously 
for 120° as shown. Similarly, other elements conduct. FD does not come into play even for 
a=60°. Further note that voltage pulses Up, Ybe, Yea do not appear in the output voltage 
waveform for a. = 60°. It will be seen that for 0 2 60°, voltage pulses Uq1) Vics Yea ATE eliminated. 
The load current, assumed continuous for o = 60°, is not shown in Fig. 6.29 (c). 


; For firing angle delay of 90°, voltage, and current waveforms are shown in Fig. 6.29 (d). 
The output voltage Uo is discontinuous. As vp made up Of U¢5, Vac, Ysa» Ved» tends to become 
negative at wt = 120°, 240°, 360°, FD gets forward biased. Therefore, for each periodic cycle 
of 120°, output voltage is equal to line voltage for only 90° and for the remaining 30°, when 
FD conducts, v9 = 0. For a= 90°, conduction angle of SCRs and diodes is seen to be less than 


7 
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Fig. 6.29. Voltage and current waveforms for a 3-phase semiconverter for different firing angles. 


120° for every 


output pulse. In other words, conduction angle for both positive and negative 


group elements is 90° and for the remaining 30°, current completes its path through FD as 
shown in Fig. 6.29 (d) for «= 90°. Voltage pulses vg, v4.,U.q are absent from output voltage 
vy for this firing angle as well. Without FD, after load voltage ug reaches zero, a diode from 


negative grou 


jp would begin to conduct reducing vg to zero till next SCR in sequence is 


triggered. For example, at wt = 120°, vy=u,,=0 and without FD, D3 from negative group 


would start co: 


nducting through T3 from wt = 120° to 150° when SCR T1 is gaged. This means 


that without FD, T3 would conduct for 120° from at = 30° to 150°, D2 for 90° from wt = 30° to 
120° and D3 for 30° from wt = 120° to 150° for this periodic cycle of 120° extending from 


@t = 30° to 150°. 
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“For firing angle delay of 120°, the voltage and current waveforms are shown in Fig. 6.29 
(e). The load current is now assumed discontinuous. For each periodic cycle of 120°, uv, is seen 
to have three components. When an SCR is gated, thyristor and diode conduct for 60° only. 
As Uo reaches zero and tends te become negative, FD gets forward biased and therefore starts 
conducting for some angle and holds the load voltage to zero. When all the energy stored in 
inductance is discharged, FD stops conducting and as a result, load voltage rises to load 
counter emf E. When vy = £, none of the elements of semiconverter bridge is conducting, this 
is indicated by 0, 0 in Fig. 6.29 (e). 

It may be seen from above that in a 3-phase semiconverter, SCRs are gated at an interval 
of 120° in a proper sequence. In a single phase semiconverter, SCRs are fired at an interval 
of 180°. In order to obtain full control of the de output voltage uo, the range of firing angle is 
from 0°:to 180°. A three-phase semiconverter has the unique feature of working as a six-pulse 
converter for « < 60° and as a three-pulse converter for « 260°, a careful observation of Fig. 
6.29 reveals this. 

For a 3-phase semiconverter, each periodic cycle of output voltage has a periodicity of 
120°. Average output voltage should, therefore, be calculated over 120° only. 

For «a < 60°. For firing angle Jess than 60°, the output voltage is redrawn in Fig. 6.30 (a) 
from Fig. 6.29 (b) for some firing angle less than 30° for convenience. In this figure, area 
abcefda divided by 2n//3 would give the average value of output voltage Vo. For area abcde, 


take OO’ as the origin and for area dcefd, take AA’ as the origin. Then 
Vo= 2 {Area abcda + Area dcefd) 


3 pws (5+2) 
-; Jip aceon atom + [i Vey cos ot d(wt)} 


oo 3V, 
or, Vo= = (1+ cos a) (6.39) 


Voltage v,,=0 at wt = 0 andv,,=0 at wt =3 in Fig. 6.30 (a). Therefore, Vy can also be 


obtained as 


2x 
3 ine . 3¢% 4 
Vo= on a Vorsin ara + ft, V,, Sin ct d( at) 
3 Vint 
= on (1+ cos a) (6.39) 


With OO’ as the origin, angle [5 -@ }s measured to the left of OO’, therefore minus sign 


is put before a7 a | Similarly, minus sign is put before e 


For a 2 60°. For a 2 60°, the output voltage waveform is drawn in Fig. 6.30 (b) for a firing 
angle 60° < a < 90° for convenience. With OO’ as the origin in this figure, the average output 
voltage Vo is given by 


Vo= 2 [Area abedal. 


Phase Controlled Rectifiers (Art. 6.6] 217 


= 2 V2] Var 008 cot - d(cot) = a (6.39) 


Voltage v,,=0 at ot anda is measured. from wf =2n/3 as shown in Fig. 6.30 (6). 


Therefore, Vp can also be obtained as 


3 F 
Vo= af Vini Sin we - d(wt) 


3 Vi 7 : 
“a (1+ cos a) --(6.39) 


(a) 
Fig. 6.30. Output voltage waveforms for a 3-phase scmnccsveiter for ia 4 < 60° and (5) a > 60°, 


It is seen from above that expression for output voltage is the same for both six-pulse 
and three-pulse operating modes of a 3-phase semiconverter. 


Example 6.12. (a) A 3-phase full converter charges a battery from a three-phase supply 
of 230 V, 50 Hz. The battery emf is 200 V and its internal resistance is 0.5 Q. On account of 
inductance connected in series with the battery, charging current is constant at 20.A. Compute 
the firing angle delay and the supply power factor. 

(b) In case it is desired that power flows from de source to ac load in part (a), find the 
firing angle delay for the same current. 


Solution. (a) The battery terminal voltage V, is 
Vp = 200 + 20 x 0.5 = 210 V 


BV at 
But Vo= = cos a= 210 V 
-1_210xx 


0 
& = cos 3V2 x 2307 47.453°. 


For constant load current of I) = 20.A, Fig. 6.26 (d) reveals that supply current i, is of 
rectangular (or square) wave of amplitude 20 A. It is also seen from this figure that i, flows 
for 120° (or 2/3 radians) over every half cycle of 180° or radians. 


.. Rms value of the supply current I, over x radians is 


1/2 
' 1=| aor #| =201/2 =16.33A 


218 {Art. 6.6] Power Electronics 


Rms value of output current, J,,=20A 


u 


Power delivered to load = Ely +E... r = 200 x 20 + (20)* x 0.5 = 4200 W 
Now V3 VJ, cos 6 = 4200 W 
4200 
Input r =4e— = = 0.646 lag. 
nput supply Pf= 75-530 x 16.33 36 


(b) When battery is delivering power, then 
: Vy = 200 - 120x 0.5= 190 V 
When power flows from de source to ac load, the 3-phase full converter then works as a 
3-phase line commutated inverter. 


3 Vi 
> cos a =-— 190 V 


Scout xT | _ 197,729, 
e See Fer 


Example 6.13. For a 3-phase full converter, sketch the time variations of input voltage 
and the voltage across one thyristor for one complete cycle for a firing angle delay of (a) 
0° and (b) 30°. 

For both the angles, find the magnitude of reverse voltage across this SCR and its 
commutation time for a three-phase supply voltage of 230 V , 50 Hz. 

Solution. (a) The three-phase input voltage waveform is shown as Ug5, Vgc, Vics Voq ete. in 
Fig. 6.31 (a). A conducting SCR has zero voltage across it. Let the variation of voltage across 
SCR T, belonging to positive group of Fig. 6.24 be plotted in Fig. 6.31 (a). 

Vo.¥A 


Fig. G31 Pertaining to Example 6.13. 
For voltages v,, U,,, SCR T1 conducts, therefore voltage across. this SCR is 
U4 =U, — U, = 0 for a period of 120°, i.e. from wt = 0 to wt = 120° as shown. After wt = 120°, SCR 
T3 conducts for 120° with v,, v4, a8 the output voltages. Now cathode of T1 is connected to 


supply terminal B through T3 for a period of 120° and its anode to supply terminal A. 
Therefore, voltage across T1 from wt = 120° to 240° is uv, =v, — vy. This voltage reverse biases 


T1 and it is shown as v,, below the reference line in Fig. 6.31 (a). 
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After wt = 240°, for voltages Uz, Ueps SCR T5 conducts for 120° and therefore cathode of 
g1'ls connected to terminal C through T5. Thus, voltage across T1 is v4 = 0, ~ UV; = Var below 
the reference line for a period of 120° from wt = 240°. At wf = 2n, T1 is again gated and voltage 
v, = 9 as shown. 


For firing angle delay of zero degree, each SCR is reverse biased for 240° = aS rad. 


«. Commutation time available for SCR turn-off = circuit turn-off time, ¢, = & sec 


4x x 1000 

“3x 2nx 50 

(6) For a= 30°, the output voltage waveform and voltage uv, across SCR T1 are shown in 

Fig. 6.31 (b). At wt = 150°, when SCR T1 stops conducting, voltage across T1 must follow 

v4, curve for 120° as discussed in part (a) above. Therefore, vg jumps from zero to 

V,,. 8in 30 = 0.5 V,,, as shown. As T3 remains on for 120°, v, follows v,, curve below the 

reference line for 120°. At wt = 270°, when TS is gated, v, follows v,, for 120° till T1 is gated 
again, Fig. 6.31 (b). This figure reveals that each SCR is reverse biased for (240° - a). 


-. Commutation time available for SCR turn-off = Circuit turn-off time, 


= 13.33 msec. 


t= saa © sec 
4n_& 
3.6 


=| onx50 x 1000 = 11.67 msec. 


"In case «260°, it would be observed that wi,="-. For both the parts, ie. for 
a=0° and a= 30°, the peak reverse voltage across the SCR is V2 - 230 = 325.22 V. 

Example 6.14. (a) A 3-phase full-converter feeds power to a resistive load of 102. Fora 
firing-angle delay of 30°, the load takes 5 kW. Find the magnitude of per phase input supply 
voltage, 

(b) Repeat part (a) in case a large reactor in series with load renders the load current 
ripple free. 

Solujiion. (a) For a resistive load, output current waveform is of the same shape as that 
of the output voltage wave. It is seen from Fig. 6.26 that for a > 60°, the output voltage and 
output current would be discontinuous for resistive load. However, for o $ 60°, output voltage 
and current are continuous. From Fig. 6.27, the rms value of output voltage V,, is given by 


an, \ 
(Fre) 


3 } 1/2 
Ve=[ J Vy sin? ot cee] 


FE 
sve, ° 
vi =| 52a! J (1 eos 20 de 
zee 


3 
1/2 
or Von Vas VE | $459 coe | 
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2. 


z Vor : 7 
i For this example, -35 = 5000 waits and V,,, = V2 Vv, 
3 cos eo] 5000 x 10 


3 {x 
ave [z- 2 
or V, = 188.08 V 
V, 
«. Per phi t ' =-7>= 108.591 V 
er phase voltage, Von Vs" 08.591 


(b) For a constant load current, average load current J, = rms load current, I, 


[ mt cosa] 3=5000W 
1 
= = .22V 
or V, = ¥50000 x x3 cos 30° 191.2: 
: Von = =110.40V. 


Besa 6.15. (a) A 3-phase semiconverter feeds power to a resistive load of 10 Q. For a 
firing angle delay of 30°, the load takes 5 kW. Find the magnitude of per phase input supply 
voltage. 

(b) Repeat part (a) in case load current is made ripple free by connecting an inductor in 
series with the load. , 

Solution. It is seen from Fig. 6.29 that for a < 30°, the output voltage is continuous. For 
a resistive load, output current is also continuous. From Fig. 6.30 (a), rms value of output 
voltage is given by 


. 1/2 
Vor = ale 9] Vay cos” cot - d{t) + ped Vin COS” ox - ae 


x 
s+0 


42, 
By Ba +008 2] 


3 

R 

2V; 3[2n | V3 

= 30°. —4 = 

For a= 30°, —— an 3° 2 > (1+ cos 60) | = 5000 x 10 


or V, = 175.67 V and Vpn = 101.43 V 
(a) For constant load current, I,, = average load current, I, 


Vent 
es (1 + cos 30*)| 55 = 5000 W 


or V, = 50000 x the =177A44V and V,,=102.45V 
' Example 6.16. Repeat Example 6.15 in case firing angle delay is 90°. 
Solution. (a) Fig. 6.29 shows that for a = 90°, the output voltage is discontinuous. For a 
resistive load, output current is also discontinuous. From Fig. 6.30 (b), rms value of output 


voltage is 
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i x/2 bec 
v,=l2] fv, cos* we dtwe) ‘ 
-[j- | 
7 12 
or v= Yet. V8 [in-a)+ 5 sin 2] 


For a = 90°, 27 la —§) bon" sso00 W 
or V, = ¥50000 x 4 = 298.14 V 
and Vp, = 172.14 V 
(b) For constant load current, 
[Se (1+ cos 90) | a= 5000 W 
or V, = ¥50000 x BR _ 951,153, and Vp, = 191.2.V 


Example 6.17. Repeat part (a) of Example 6.12 in case 3-phase full converter is replaced 
by a 3-phase semiconverter. 
| Solution. The battery terminal voltage is 
V, = 200 + 20 x 0.5 = 210 V 


; V, 
, But Vo= pt! (1+ 008 a) = 210 V 


_ of 210x2" _ 5] 69.379 
a@=cos laa | = 69.37 ; 

An examination of Fig. 6.29 reveals that for firing angle a > 60°, each SCR conducts for 
180 — a. So, in this example, each SCR conducts for (180 - 69.37) = 110.63°. For constant load 
current of Ip = 20 A, supply current i, is of square wave of amplitude 20 A. As i, flows for 
110.63° over every half cycle of 180°, the rms value of supply current J, is given by 


1/2 
I, -[ (20)? noses =20 af 0.88 =15.68A 


Power delivered to load = Voly = 210 x 20 = 4200 W 


4200 
Input supply pf= 3 x 230 x 15.68 = 0.6724 lag. 


6.7. EFFECT OF SOURCE IMPEDANCE ON THE PERFORMANCE OF CONVERTERS 

For single-phase and three-phase full converters, derivation of the output voltages, as 
given by Eqs. (6.28) and (6.38), has been obtained on the assumption that current transfers 
from the outgoing SCRs to the incoming SCRs instantaneously. This means that when 
incoming SCRs T1 and T2 are fired in a single-phase full converter, Fig. 6.10 (a), outgoing 
SCRs T3 and T4 get turned off due to the application of reverse voltage and the current shifts 
to SCRs T1 and T2 instantaneously. This is possible only if the voltage source has no internal 
impedance. Actually, the source does possess internal impedance. If the source impedance is 
resistive, then there will be a voltage drop across the resistance and the average voltage 
output of a converter gets reduced by an amount equal to Io,r, for a single-phase converter 
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sdprce resistance per phase. Since source resistance is usually low, it is assumed that duration 
of the commutation is very smal] and the current transfer takes place immediately after the 
incoming SCRs are fired. However, a voltage drop caused by source resistance must be taken 
into consideration as discussed above. . 

In the following lines, the source impedance is taken as purely inductive. The load 
inductance is assumed large so that output current is virtually constant. The source 
inductance causes the outgoing and incoming SCRs to conduct together. During the 
commutation period (when both incoming and outgoing SCRs are conducting together), the 
output voltage is equal to the average value of the conducting-phase voltages. For a 
single-phase converter, the load voltage will be zero and for a 3-phase converter, the load 
voltage is (v, + v,)/2{ average value of the conducting phases a and b). The commutation 
period in seconds, when outgoing and incoming SCRs are conducting, is also known as the 
overlap period. The angular-period, during which both the incoming and outgoing SCRs are 
conducting, is known as commutation angle or overlap angle \ in degrees or radians. The effect 
of source inductance is investigated in this section for both single-phase and three-phase full 
converters. 


6.7.1. Single-phase Full Converter 

The commutation overlap is more predominant in full converters than in semiconverters. 

In the single-phase full converter shown in Fig. 6.32 (a), L, is the source inductance. The 
load current is assumed constant (analysis with pulsating load current is.more involved). Fig. 


6.32 (b) gives the equivalent circuit for Fig. 6.32 (a) for analytical purposes. When terminal 
1 of source voltage v, is positive in Fig. 6.32 (a), current i, flows through L,, T1, load and T2; 


this is shown as v,, L,,T1T2.and load in Fig. 6.32 (b). Similarly, when terminal 2 of v, is 
positive, load current i, flows through T3, load, T4 ; this is shown as vo, Lg, T3'T4 and load 
in Fig. 6.32 (6), 


of by 2J).r, for a 3-phase converter. Here I, is the constant dc load current and r, is the 


OPOr 


ni ee at ein "wt 
fer Tits PATATS gl 


(13,76) (14,42.73,14)7 
(ec) 
Fig. 6.32. (a) Single-phase full converter with source inductance L, (6) its equivalent circuit and 
(c) typical current and voltage waveforms with L,. 


a 
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When T1, T2 are triggered at a firing angle a, the commutation of already conducting 
thyristors T3, T4 begins. Because of the presence of source inductance L,, the current through 


outgoing devices T3, T4 decreases gradually to zero from its initial value of Ig; whereas in 
incoming thyristors T1, T2 ; the current builds up gradually from zero to full value of load 
current J). During the commutation of T1, T2 and T3, T4 ; z.e. during the overlap angle KVL 


for the loop abcda of Fig. 6.32 () gives, 


di, di, 
Uy Ly Gy eee ae 
di, di, 
or vy -v,=L, me dt 


It is seen from Fig. 6.32 (c) that if v, = V,, sin wt, then v. =~ V,, sin a. 
di, dig : 
1. 6 =2V,, sin wt (6.40) 
As the load current is assumed constant throughout i, +i,=Ig 


or at ate 0 (6.41) 


From Eq. (6.40), ae dL. sin wt « (6,42) 
' ‘3 


Addition of Eqs. (6.41) and (6.42) gives 
i, V, 
ir ty Va sin ot (6.48) 
Load current i, through thyristor pair T1, T2 builds up from zero to Ip during the overlap 
angle HL; ie. at of =a, 
j i, = 0 and at wt = (0+), 4) =Jo 


I. Vv, (a+p/o 
.. From Eq. (6.43), foai-s2J,,  sinat-at 
; 
_ r 
or In= aL, [cos a — cos (a + H)} (6.44) 


s 
It is seen from Fig. 6.32 (c) (middle figure) that output voltage ug is zero from a to 
(a+). Thus the average output voltage Vp is given by 


Vin (a+n) . Vin 
Vor hee sin @é - dat) => [cos (& + #) — cos (a + %)] 
V, 
= {cos «+ cos (a + 1)} (6.45) 


aL, 
From Eq. (6.44), cos (0. + 1) = cos & — — Ty 
m 


\ Substituting this value of cos (0+ 1) in Eq. (6.45) gives 
...(6.46) 


2 
Vo= cos a- = Ig 
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aL, 
| Also, from Eq. (6.44), cos a= Vy bo + cos (& + }t). Substituting this value of cos @ in Eq. 
F , 


.45) gives 


Vin 


A - 


Cos (Q'+ HW) + 


‘s 


= (6.47) 


Ig 


With the help of Eq. (6.46), a de equivalent circuit for a 2-pulse single-phase full converter 
can be drawn as shown in' Fig. 6.33 (a). In this figure, diode D merely indicates that load 
current is unidirectional. This equivalent circuit reveals that the effect of source inductance 
L, is to present an equivalent resistance of magnitude wL,/x ohms in series with internal 
voltage of the rectifier (2V,,/n) cos a. The voltage drop due to L, is proportional to Ig and L. 
Thus as the load current (or source inductance) increases, the commutation interval (or 
overlap angle) increases and as a consequence, the average output voltage decreases as 
illustrated in Fig. 6.33 (d). 


' Vo 
=0 
wls 
Ota come is 

Wls 
Tv 

Bm cos a Vo Yor 0. Hem 

7 Toe 2 cos & 
Ver ats 

ce) lo 


(2) (6) 
Fig. 6.33. (2) DC equivalent circuit of single-phase full converter. 

In single-phase full converter, as long as jt <n, the output voltage is given by Eq. (6.46). 
When p = x, the load will be permanently short circuited by SCRs and the output voltage will 
be zero because during the overlap angle, all SCRs will be conducting. 

6.7.2, Three-phase Full Converter Bridge 

Fig. 6.34 shows a three-phase full-converter bridge with a source inductance L, in each 
line. The load current is assumed constant as the analysis with pulsating current is quite 
complicated. 


| In Fig. 6.35 (6) is shown the conduction of 
various SCRs with firing angle a = 0 and over- 
lap angle p = 0. In this figure ; T5, T6 conduct Lig: Rn 
upto wt=30°. From @t = 30° to Ao —~Yuy+ 
90° (i.e. for 60°), T1, T6 conduct. From w? = 90° Ls 
to 150°; T1, T2 conduct and soon. Itisseen that ® 
only two SCRs conduct at a time, one from the C 
positive group and the other from the negative 
group. 

Fig. 6.35 (c) shows the effect of overlap. 

From wt=0° to 30°; T5, T6 conduct. At 
wt = 30°, T5 is outgoing SCR and T1 is 


+ 


Fig. 6.34. Three-phase full converter with 
source inductance L, in each line. 
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incoming SCR and both T5, T6 belong to the positive group. As T1 is triggered, current 
thrpugh T5 starts decaying while through T1 current begins to build up. At a = 30° +p, I, is 
zew while 1, =I. Therefore, from wt = 30° to 30° + p, three SCRs T5, T6, Tl conduct. After 
wt = 30° + p; T6, T1 conduct. At a = 90°, as T2 is triggered, J, begins to decrease and J, starts 
to build up. Therefore, from of = 90° to 90° +, three SCRs T6, T1, T2 conduct. At 
{ ot = 90° +p, [g= 0 and J, = Ip. After wt = 90° + u, only two SCRs T1, T2 conduct. This sequence 
u of operation repeats with other SCRs of the full converter. It may be observed from this that 
when positive group of SCRs are undergoing commutation, two SCRs from the positive group 
and one SCR. from the negative group conduct. After the commutation of positive group is 
completed ; only two SCRs conduct, one from the positive group and the other from the 
negative group. Similarly, when negative group of SCRs are undergoing commutation, three 
SCRs conduct, two from the negative group and one from the positive group and these are 
followed by two SCRs, one from negative group and one from positive group and so on. 
Conduction of various thyristors as shown in Fig. 6.35 (c) is as follows : 
5-6, 5-6-1, 6-1, 6-1-2, 1-2, 1-2-3, 2-3, 2-3-4, 3-4, 3-4-5, 4-5, 4-5-6, 5-6 and so on. 


(a) 


(b) 229 per 
peo Te] Cedi ve group 


Fig. 6.35. Current and voltage waveforms for a 
3-phase full converter showing commutation during overlap. 


: It is seen that three and two SCRs conduct alternately. It is also observed from Fig. 6.35 
(ec) that for 6-pulse converter, there are six shaded areas indicating six commutations per 
cycle of source voltage. 
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During commutation of T5 and T1 (transfer of current from T5 to T1), the output voltage 

is obtained by taking average of corresponding phase voltages v, and v, of the positive group. 
vgty, 

This means that voltage from wt = 30° to 30° + 1 follows the curve oT from the positive 


group ; this is indicated by jk in Fig. 6.35 (a). During commutation of T6 and T2, the voltage 


vyty, 
waveform from the negative group is -b—* as indicated by mn. Similarly, during 


vt, 
commutation of T1, T3 ; the voltage is 2 » as shown by curve op and so on. In Fig. 6.35, 


firing angle delay has been taken as zero just to highlight the effect of source inductance. 
The above treatment is, however, ee for any firing angle delay provided overlap angle 
is less than 60°. In Fig. 6.35 (a) ; v,, vy, vu, are the phase voltages and the output voltage is 
in between the hatched portion as shown. 

The effect of source inductance L, is to reduce the average de output voltage. This 


reduction is proportional to the triangular (almost) area jk! shown in Fig. 6.35 (a). The 
average value of this fall in output voltage due to overlap is equal to the triangular area 
jk divided by the periodicity of this triangular area which is equal to 1/3. Thus, average 
value of fall in output voltage due to overlap 


=2 J), aco) =2 ft 1, daw) 


3L, fe di 3oL, is “is 30k, 
Pe: J, og t= x 0 
‘Alternatively, average value of fall in meme a. due to overlap 

Sol, th. 3oL, : 
mee LG dt= Of di == 21, 
Output voltage with no overlap = internal saan of the Sane full converter 
3 Vw 
= cos a 
Ed 


3 V, 3 aL, 
Output voltage with overlap, V) = — cos a — —— * Ip,..(6.48) 


In general, for m-pulse converter, fall in it voltage due to overlap 
m oh. W/O (OE 
ran L, Pr at) = 0 (z] 
m mal i. di _™ oL,: - 
zo Qn 


oL, 
For 2-pulse converter, voltage drop due to overlap = =f 
o oes 


3 
For 6-pulse converter, voltage drop due to overlap = “Ig. 


Output voltage for a 3-phase full converter, acehecl to that given for a 1-phase full 
converter in Eq. (6.47), is given by 


Phase Controlled Rectifiers [Art. 6.7] 227 


3V,  8@L, 
: Vo= i cos (0+ H) + = 2 Iy (6.49) 


Example 6.18. In a three-phase full converter thyristor bridge shown in Fig. 6.34, load 
consists of a resistor R. For this converter, do the following : 

(a) Sketch waveforms for 3-phase input voltages Ugp, Vac Vier Mba eC 

(b) From (a), sketch waveforms of the output voltage Ug for a firing angle of zero degree 
and overlap angle of 1. = 30°. Indicate the conduction of various SCRs. 

(c) Repeat part (b) if firing angle 0. = 30° and p = 30°. 

(d) From (c), sketch the waveform of input current i, for 0 = 30° and = 30°. In case input 
voltage is 400 V and R = 200 ©, indicate the peak magnitude of current i,. 

Solution. (a) The line voltage waveforms 045, Vac Ybc etc. for a 3-phase full converter are 
sketched in Fig. 6.36 (a). 


Yeb*¥ab) (YobtYac) —¢ Yac*Ybe Yat Yoo 
{ d¢ 5 3 Wert ) 


™ 


15,11 1,13 13,15 15,11 +vegroup  () 


4 
teptYab) ¢ Yab *¥ac cost Nec) ( Yoo* Yeo 
2 2 2 2 (b) 


{ > 
~ ut 
A let fab 
3 (ee) peak of ig =2.4495A 
4 ee Oe one 
=» (c) 
wt 


Fig. 6.36. Pertaining to Example 6.18. 


228 [Art. 6.8] Power Electronics 


(6) The effect of overlap angle of 30° with zero degrce firing angle is shown in Fig. 6.35 
(a)§vith phase voltages. In Fig. 6.36 (a), the output voltage waveform vy is sketched with line 
voltages, for an overlap.angle of 30° and with firing angle a = 0°. The conduction of SCRs T1 
to T6 is also indicated. When T5 is outgoing SCR and T1 the incoming SCR, the average 


+ 
output voltage is eb o pad 
c anda indicate the conduction of SCRs T5, T1 together from the positive group and second 
_ subscript 6 indicates the conduction of SCR.T6 from negative group. When T1, T6 conduct, 
the output voltage is v,, as shown. For T6 as the outgoing SCR and T2 the incoming SCR, 


; this is shown accordingly in Fig. 6.36 (a). In v,,, Ug, ; first subscripts 


Vab + Vac 


the average output voltage is . The second subscripts in v,,, v,, indicate the conduction 


of SCRs 6 and 2 together from negative group and first subscript a indicates the conduction 
of SCR T1 from the positive group. The shape of output voltage waveform and the conduction 
of SCRs for the remaining part of a cycle can be explained similarly. 

(c) For firing angle of 30°, and overlap angle of 30°, the output voltage waveform uy is 
drawn in Fig. 6.36 (6). For obtaining vo it is preferrable to indicate first the conduction of 
various SCRs and then draw the output voltage waveform vp. In Fig. 6.36 (b), the conduction 


of different thyristors is shifted to the right by « = 30° with respect to their positiun in Fig. 
6.35 (a) where « = 0°. Now the waveform for vp, as shown in Fig. 6.36 (b), can be drawn easily. 


(d) The waveform for phase a input current, i.e. i,, is shown in Fig. 6.36 (c). As the load 
is resistive, the waveform of i, is identical to the waveform of voltage vo of Fig. 6.36 (b). 
Current i, is positive when T1 is conducting and negative when T4 is conducting. Note that 
i, without overlap would have four ripples but with overlap, it is seen to have five ripples in 
both positive and negative half cycles in Fig. 6.36 (c). 

Example 6.19. A 3-phase full converter bridge is connected to supply voltage of 230 V per 
phase and a frequency of 50 Hz. The source inductance is 4 mH. The load current on dc side 
is constant at 20 A. If the load consists of a dc voltage source of 400 V having an internal 
resistance of 1 Q, ther calculate : 

(a) firing angle delay and 

(b) overlap angle in degrees. 

Solution. (a) Converter output voltage 

=E+I,R=400+20x1=420V. 


| From Eq, (6.48), 420 = 8N6 280 9, 4 S2RX 50M on 
t 1000 x x 
or a= 34,382° 
.. Firing angle delay is 34.382° 
(b) From Eq. (6.48), 400 = 38 x 280 055 4 yy 4 BERX50) 4, 99 
T 1000 x x 
or a+p=cos? seo 07 42.602° 


Le, pt = 42.602 — 34.382 = 8.22° 
.. Overlap angle in degrees = 8.22°. 
6.8. DUAL CONVERTERS 


Phase Controlled Rectifiers (Art. 6.8] 229 


Semi-converters are single ‘quadrant converters. This means that over the entire firing 

le range, load voltage and current have only one polarity as shown in Fig. 6.9 (a). In this 
figure, V, and I, represent, respectively, the average positive voltage and current of the 
semi-converter indicating rectification mode and power flow from ac source to the de Joad. In 
full converters, direction of current cannot reverse because of the unidirectional properties 
of SCRs but polarity of output voltage can be reversed as shown in Fig. 6.9 (b). Thus, a full 
converter operates as a rectifier in first quadrant (both Vo, Ip positive) from a = 0° to 90° and 
as an inverter (Vp positive but J, negative) from 0 = 90° to 180° in the fourth quadrant. This 
shows that a full converter can operate as a’ two-quadrant converter, Fig. 6.9 (6). In the first 
quadrant, power flows from ac source to the dc load and in fourth quadrant, power flows from 
dc circuit to the ac source. 


(a) (6) 


(c) 
Fig. 6.37. (a) Four-quadrant diagram. Non-circulating type (6) single-phase dual 
converter and (c) three-phase dual converter. 

In case four quadrant operation is required without any mechanical changeover switch, 
two full converters can be connected back to back to the load circuit. Such an arrangement 
using two full converters in antiparallel and connected to the same dc load is called a dual 
converter. 


There are two functional modes of a dual converter, one is non-circulating-current mode 
and the other is circulating-current mode. Non-circulating types of dual converters using 


230 {Art. 6.8] | Power Electronics 


single-phase and three-phase configurations are shown in Fig. 6.37 (6) and (c) respectively. 
If full converter marked 1, to the left of load circuit in Fig. 6.37 (6) and (c), is working alone 
operation in first and fourth quadrants can be obtained. With full converter marked 2 working 
alone in Fig. 6.37 (6) and (c), polarity of load voltage as well as direction of load current, with 
respect to converter 1, can be reversed. Hence, full converter marked 2 can operate in both 
second and third quadrants. Thus, a dual converter using two full converters can give four 
quadrant operation as shown in Fig. 6.37 (a). ~ 


6.8.]. Ideal Dual Converter 


Assume that the dual converter consists of two ideal converters and that there is no ripple 
in their output voltages. Such a dual converter can be represented by an equivalent circuit 
shown in Fig. 6.38 (a). Vp, and Vop are the magnitudes of average output voltages of converters 
1 and 2 respectively. Diodes D1 and D2 shown here in series with the dc voltage sources 
Vo, and Vop indicate the unidirectional flow of current. The current in load circuit can, 


however, flow in either direction. 


The firing angles of both the converters are controlled in such a manner that their average 
output voltages are equal in magnitude and have the same polarity. This can happen only if 
one converter is operating as a rectifier and the other as an inverter. 


The average output voltages for both single-phase and 3-phase converters are of the form. 

Vor = Vinax COS Oy »-(6,50) 

and Vo = Vmax C08 2 (6.51) 
where, for a single-phase full converter, Vingx = (2Vin/™) 
and for a three-phase full converter, Vinaxe = (8V gg /™) 


Converter 1 Converter 2 
13) 62 


Rectification 


Firing angle control 
@ + @p = 180° ; 
ovocene Inversion 
{a) (6) 
Fig. 6.38, (a) Equivalent circuit of an ideal dual converter (6) Variation of terminal 
voltage for an ideal dual converter with firing angle. 

Under normal operation, Vo, has upper positive and lower negative polarities and Vo, has 
upper negative and lower positive polarities in Figs. 6.37 (6) and (c). It is assumed that the 
two converters have their average output voltages equal in magnitude. Their output voltages 
would have the same polarity only if polarity of Vo. is reversed. In other words, their average 
output voltage V, can be expressed as 
Vo =Vo1=—Vo2 ...(6.52) 
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Substitution of Vo, and Vo. from Eggs. (6.50) and (6.51) in Eq. (6.52) gives, 
Vinax COS Oy =— Virgy COS Ay 


or ae €08 01, = — COS 0 = cos (180 — O) 

or . Oy + O = 180° (6.53) 
Also ‘ COS Oy = ~ COs Oy = cos (180 + O) “ 

or , = 180° + (6.53 aj 


As per Eq. (6.53 a), for sbme value of firing angle 0», @, is always greater than: 180°. But 
a, can never be greater than 180°. Therefore, the solution as given by Eq. (6.53) is only 


possible. : 

From Eqs. (6.50), (6.51) and (6.53), the variation of output voltage with firing angle for 
the two converters is as shown in Fig. 6.38 (5). The firing control circuit changes the firing 
angle @, and 0 in such a manner that Eq. (6.53) is always satisfied. 


6.8.2. Practical Dual Converter 

With the firing angles controlled in a manner that a, + = 180° and with both the 
converters in operation, their average output voltages are equal and have the same polarity. 
One converter will be operating as a rectifier with firing angle a, and the other as an inverter 
with firing angle (180°-,). Though their average output voltages are equal, yet their 
instantaneous voltages vp, and vp are out of phase in a practical dual converter. This results 
in a voltage difference when the two converters are interconnected and as a consequence, a 
large circulating current flows between the two converters but not through the load. In 
practical dual converters, this circulating current is limited to a tolerable value by inserting 
a reactor between the two converters as shown in Fig. 6.39. The circulating current can 
however, be avoided provided the converters are triggered suitably. In general, a dua! 
converter can be operated in the following two modes. 

(a) Dual Converter without Circulating Current. With non-circulating current dual 
converter, only one converter is in operation at a time and it alone carries the entire load 
current. Only this converter receives the firing pulses from the trigger control. The other 
converter is blocked from conduction ; this is achieved by removing the firing pulses from 
this converter. Thus, only one converter is in operation at a time whereas the other converter 
is idle. Such an arrangement for the dual converters is shown in Fig. 6.37 where there is no 
reactor in-between the two converters. 

Suppose converter 1 is in operation and is supplying the load current. For blocking 
convertor 1 and switching on converter 2, first firing pulses to converter I are immediately 
removed or the firing angle of converter 1 is increased to maximum value and then its firing 
pulses are blocked. With this, load current would decay to zero and then only converter 2 is 
mdde to conduct by applying the firing pulses to it. Now the current in converter 2 would 
build up through the load in the reverse direction. So long as converter 2 is in operation, 
converter 1 is idle as firing pulses are withdrawn from it. It should be ensured that during 
changeover from one converter to the other, the load current must decay to zero. After the 
outgoing converter has stopped conducting, a delay time of 10 to 20 msec is introduced before 
the firing pulses are applied to switch on the incoming converter. This time delay ensures 
reliable commutation of SCRs in the outgoing converter. If the incoming converter is triggered 
before the outgoing converter has been completely turned-off, a large circulating current 
would flow between the two converters. 

With non-circulating current mode of dual converter, the load current may be continuous 
or discontinuous. The control circuitry for the dual converter is so designed as to give 
satisfactory operation during continuous as well as discontinuous load current. 


232 fArt. 6.8] ; Power Electronics 
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(b) Dual converter with circulating current. In the circulating current mode of'dual 
converter, a reactor is inserted in-between converters 1 and 2 as shown in Fig. 6.39. This 
reactor limits the magnitude of circulating current to a reasonable value. 


! (a) : 


mA OTSA 


(() 
Fig. 6.39. Circulating canal type dual converter for 
(a) single-phase supply and (6) three-phase supply. 

The firing pulses of the two converters are so adjusted that 0, + a, = 180°. As for example, 
if firing angle of converter 1 is 60°, then firing angle of converter 2 must be 120°. Therefore, 
for these firing angles, converter 1 is working as a rectifier and converter 2 as an inverter. 
Though the output voltage at the terminals of both converters 1 and 2 has the same average 
value and also has the same polarity, their instantaneous output voltage waveforms, however, 
are not similar as shown by vp and upg in Fig. 6.40 (8). As a consequence of it, circulating 
current flows between the two converters. This circulating current is limited by the reactor. 
{f the load current is to be reversed, the role of two converters is interchanged. This means’ 
that converter 1 is now made to act as inverter by making its firing angle greater than 90° 
and converter 2 is made to work as rectifier by making its firing angle a, less than 90° such 
that o,+0,=180°. The normal delay period of 10 to 20 msec, as required in 
circulating-current free operation, is not needed here. This makes the dual converter with 
circulating current operation faster. The main disadvantages of this dual converter are as 


under : 


Me 
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Voh Load voltage wt 
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Fig. 6.40. Voltage and current waveforms for a circulating-current type dual converter. 

(i) A reactor is required to limit the circulating current. The size and cost of this reactor 
may be quite significant at high power levels. 

Gi) Circulating current gives rise to more losses in the converters, hence the efficiency 
and power factor are low. 2 

(iii) As the converters have to handle load as well as circulating currents, the thyristors 
for the two converters are rated for higher currents. 

In spite of these drawbacks, a dual converter with circulating current mode is preferred 
if load current is to be reversed quite frequently and a fast response is desired in the 
four-quadrant operation of the dual converter. 

Dual converter operation with waveforms. The operation of the dual converter in 
the circulating-current mode is described here under the following assumptions : 


(i) The reactor is lossless. 


234 [Art. 6.8] ; Power Electronics 


(ii) The firing angles of the two converters are so controlled that a, + 0% = 180°. 

Fig. 6.40 (a), supply line voltages Ug, Yq., Var ete. are shown. As an illustrative example 
for describing the working of a dual converter with waveforms, let a, be equal to 60°. Then, 
for converter 2, & = 180° — 60° = 120°. With a, = 60°, the output voltage vp; for converter 1 is 
indicated by thick line in Fig. 6.40 (a). This output voltage uo; is now shown as v,, in Fig. 
6.40 (b) from wt = 120° to 180°. In this manner, vo, is drawn for other intervals of time in Fig. 
6.40 (6). With a, = 120° for converter 2, the output voltage is negative as shown by thick line 


in Fig. 6.40 (a). As the average values of output voltages of both the converters are positive, 
the output voltage vg, of converter 2 must also be shown positive above the reference line 


wt. This output voltage v,, indicated by. thick line in Fig. 6.40 (a) is now shown as Uy, in Fig. 
6.40. (b) from wt = 180° to 240°. In this manner, Uo2 waveform is drawn positive as 
Vbq, Yea, Uep Cte. in Fig. 6.40 (6). 

The load voltage vp is equal to the average value of the instantaneous converter output 
voltages vo, and v9p, 1.e. ; 


vgs re (6.54) 
At wt =0°, Up= Liens = 0.433 V,, 
At a = 30°, ies Vint Sin 30° * Ving Sin 30° = 0.5 Voy 
At at = 60°, vo= 0+ Vo sin 60" = 0.433 V,,, and so on. 


This load voltage waveform up is shown in Fig. 6.40 (c). 
The reactor voltage v, is equal to the difference of converter output voltages 
Up; and Upp, i.e. 


U, = Voy — Yog «(6,55) 
At at = 0°, *y, = Vy sin 60° - 0 = 0.866 Vi, 
At at = 30°, v, = V,,; 8in 30 - V,,; sin 30° = 0 
At wt = 60°, v, = 0 — V,, sin 60° = — 0.866 V,,; 
and so on. The variation of reactor voltage v, is plotted in Fig. 6.40 (d) 
di, 
INow v,=L u 


where i, is the circulating current through both the converters and reactor L. The waveform 
of i, can be drawn from the waveform of v, as under : 
‘At wt = 0°, v, is maximum and positive, therefore slope of i, must be maximum and positive 


di 
to satisfy the relation v,=L a Thus, i, is shown rising in Fig. 6.40 (e) with a maximum 


positive slope. At wt = 30°, v, = 0, therefore slope of i, =0 ; this is possible only when i, is 
t i 

d 
maximum with a =0. After wt = 30°, v, starts becoming negative, the value of i, also starts 


falling so that di,/dt is negative. At wt = 60°, v, is maximum but negative, therefore slope of 
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i, must be negative but maximum. Based on this logic, waveform of i, is drawn as shown in 
Fig. i (e). 

o-load. At no Joad, both converters handle only circulating current i, as shown in Fig. 
6.40 (e). 

On-load. Converter 1 (with a < 90°) works as a rectifier and carries-load current as well 
as circulating current. Assuming load current Iy as constant, the converter 1 current is 
i, =I, +i,. Converter 2 (with a > 90°) works as an inverter and handles only the circulating 
current i,. The waveforms for these currents i, and ig are shown in Fig. 6.40 (f). 

The expression for the circulating current in the dual converter can be obtained from 
voltage u, across the reactor. 

It is seen from Fig. 6.40 (b) that for the time interval (n/3 + 04) < f < (1/3 +O, +n/3), 
the converter output voltages are 

Vo} = Vap AN Vog = Vgc 

The reactor voltage u,, from Eq. (6.55), is 


U, = Up1 — Yog = Vad ~ Ube ..(6.56) 


It is seen from Fig. 6.40 (a) that 
Uap = Vint SiN Ct. AS Up, lags Yay bY 120°, it is given by 
Ug, = Vint Sin (wt — 120°) 
es v, = Vjq [sin wat — sin (wt — 120°)] 
or v, = V3 Via sin (cot + 7/6) (6.57) 
The circulating current i, is obtained from the time integral of reactor voltage vu, and is 
given by 


ae 12 V3 Via f! 
i,=F v,-dt=—>— ‘sin (wt + %/6) dt 
cL J (a, +n/3)/0 " Lo, +2/3)/@ nin ( : 
VB Va (% 
or =—aL ae sin (wt + 1/6) - d(wt) (6,58) 
NB Vi : 
BF. =a [-sin a, — cos (wt + %/6)] (6.58) 


It is seen from Eq. (6.58) that the magnitude of circulating current depends upon the 
fiting angle a, and upon w¢. For any value of firing angle, the peak value of circulating current 
occurs when wt = 52/6. This peak value i,, is then given by 


V3 Vin . : 
=" [1 -sin ol (6.59) 


lop 
Eq. (6.59) shows that peak value of firing angie depends upon the firing angle o. For 
a, =0, the maximum value of i, is V3 V,y/aL and for a = 90°, ip = 0. 
; In Eqs. (6.58) and (6.59), V,,; is the maximum value of line voltage. 
Example 6.20. A 3-phase dual converter, operating in the circulating-current mode, has 
the following data : 
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Per phase supply voltage = 230 V,f=50 Hz, a, = 60°, current limiting reactor, 
L=15mH. Calculate the peak value of circulating current. 
Solution. The peak value of circulating current, for firing angle a; = 60°, is given by Eq. 


(6.59). 
;. = —¥3-N6 - 230 
Qn x 50 x 15 x 10% 
6.9. SOME WORKED EXAMPLES 
In this article, some typical problems on phase controlled rectifiers are solved. 


Example 6.21. A single-phase full converter is supplied from 230 V, 50 Hz source. The 
load consists of R = 10 Q and a large inductance so as to render the load current constant, For 
a firing angle delay of 30°, determine (a) average output voltage (b) average output current (c) 
average ‘and rms values of thyristor currents and (d) the power factor. 


{1 - sin 60°) = 27.7425 A. 


Solution. The waveforms for source voltage v, load current ig, load voltage vp, thyristor 
current iy, (or iz,) and source current i, (refer to Fig. 6.10) are drawn in Fig. 6.41. 


Fig. 6.41. Pertaining to Example 6.21. 
(a) For a single-phase full converter, average output voltage Vp, Eq. (6.28), is given by 


2v, 
V9 =e cos a= 2 280 


cos 30° = 179.303 V 


(c) It is seen from the waveform of thyristor current i, (or i~) that its average value is 
given by 
x _Jy_ 17.98 


Tr.g= Tg gee ge = 8.965 A 
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,, Rms value of thyristor current is 


I 
Ip = VR xd =p = gt - 1268 


(d) Rms value of source current, I, = R- = =1,=17.93A 
Load power = Vo Ip = 179.3 x 17.93 W 
Input power =V, J, cos > 
For no loss in the power converter, . 
V, I, cos 6 = Volo 


ues 179.3 x 17.93 
*" 230 x 17.93 


In general, for a 1-phase full converter with ripple free load current as in this example 
and with no device drops, 


.. Power factor, = 0.7796 lag 


input power = load power 


A or V, I, cos 6 = Volo 
ra . 2Vn ak 
uf +. Input pf=—_~ 008 0-ToX Fe 
he : 22 V, 1 22 
iu =e ‘oy = cos a 
d ™ VY, OO 


' For this example, input pf = we cos 30° = 0.7796 lag. 


Example 6.22. In Example 6.21, if source has an inductance of 1.5 mH, then determine 
(a) average output voltage (6) the angle of overlap and (c) the power factor. 


' Solution. (a) From Eq. (6.46), average output voltage is 


Vo = st cos gant Iy 
= 22 280 cos a0° - 28 X50%1.5 x 10-* 47.93 
=176.614V 
(b) From Eq. (6.44), Ig= we {cos & — cos (a+ 1)] 
or 17.93= ¥2 x 230 x 10° [cos 30 ~ cos (30 + )] 


2nx 50x15 
Its simplification gives overlap angle, 
= 32.855 — 30 = 2,855° 
Vol _ 176.614 x 17.93 
=VI.7 9230x1793 7°78" lag. 


Example 6.23. A 3-phase fully-controlled bridge converter with 415 V supply, 0.04Q 
resistance per phase and 0.25 Q reactance per phase is operating in the inverting mode at a 
firing advance angle of 35°. Calculate the mean generator voltage when the current is level at 
80 A. The thyristor voltage drop is 15 V. [LA.S., 1994} 


(c) Power factor 


238 [Art. 6.9] : : Power Electronics 


fotstion. Power circuit diagram of a 3-phase full converter reveals that source resistance 
r, Will lead to a voltage drop of 2 Iyr,. Two thyristors, one from positive group and another 


from negative group, conduct together, therefore there will be a constant thyristor voltage 
drop of 2 Vr. The source reactance leads to overlap and its effect is taken care of by Eq, (6.48). 


By taking into consideration these voltage drops. the average, or mean, output voltage Vp in 

a 3-phase full converter is given by 

3 aL, 
t 


3 V, ; é 
Vo=——™ cos &- 2Iyr,-2 Vr - Ig 


In case 3-phase full converter is. working in the inverting mode, the: the load emf 
E or V, (mean generator voltage in this example) can be obtained from the relation : 


3V, 3al, 
— cos a= -E + 2Iyr,+ 2Vp+— mt 
BN2 415 cos (180 — 35) = - EB +2 80x 0.044+2x 1.5 + 24028 , 80 
or E = 459.0224 6.4 +34 19.1 = 487.522 V 


.. Mean generator voltage = E = 487,522 V. 

Example 6.24. In Example 6.23, in case load consists of RLE, with R = 0.2 Q, inductance 
large enough to make load current level at 80 A and emf E, then find the mean value of E for 
(i) firing angle of 35° and (ii) firing advance angle of 35°. 

Solution. (i) When firing angle is 35°, 3-phase full converter is in the rectifying mode. 
Therefore, from Example 6.23, 


; 3V, 3 al, 
Vo=E + 1p R =-—™ cos a -2 Ig r,- 2V7- = =I 
8, 3 aL, 
or cos A= E+ IyR + 21y7, + 2Vr+ x =I 
8B ANS oo 95° = B+ 80%0.2+2x 80% 0,04+2%1.5+5* 229 x 80 


or E=414.522V. 


(ii) For firing advance angle of 35°, the full converter is in the inverting mode. From 
Example 6.23, 


3V, 3 al, 
qt cos a=- E+ IQR + 2Iyr,+ 2Vr+ zo 


a E = 459.22 + 16+6.4+ 3+ 19.1= 503.522 V. 

Example 6.25. Fig. 6.42 (a) shows a battery charging circuit using SCRs. The input 
voltage from neutral to any line is 230 V (rms) and firing angle for thyristors is 30°. Find the 
average current flowing through the battery. 

Derive the expression used. 

Solution. For the parameters given in this example, the waveform of load current is 
drawn in Fig. 6.42 (6). When thyristor A; is gated at a= 30°, it begins conduction at 
of = 30+0=60°. After its turn-on, when V,,, sin B= 150V, thyristor A, gets turned off at 
wt = 8. Note that here § is more than 90° as is seen from Fig. 6.42 (6). Equation governing 
the conduction period in Fig. 6.42 is . 

V,, sin wt - E=ipR 


| 
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Fig. 6.42. (a) 3-phase half-wave battery charging circuit and 
(b) its relevant waveforms, Example 6.25. 


between the limits of E +a }and B > 90°. Thus, average output current is given by 


28) Vin sin wt -E 
10-35 oe d (at) 


[ore 


‘ , “aa Mw Icos wel 5 -E(p-a-30) 


: 5 [Vp (cos (a + 30) — cos f) - E(B - a. — 30°) 
Here V2. 230 sin =150V. This gives B =27.47° or 152.53°. As B > 90°, Higrefore 
B = 152.53°. This die the value of average battery current J) as under : 


T= 


x5 ih 230 (cos 60° ~ cos 152.53°) - 150 [2 53 — 30 - 30) x i] 


3 = 
= Faq [208.91928] = 19.95 A. 


Example 6.26. A single-phase semiconverter, using two thyristors and two diodes as 
shown in Fig. 6.43 (aj, is supplied from 230 V, 50 Hz source. The load consists of R= 109, E 
= 100 V and a large inductance so as to render the load current level. For a firing delay angle 
of 30°, determine (a) average output voltage (b) average output current (c) average and rms 
values of thyristor currents (d) average and rms values of diode currents (e) input power factor 
and (f) circuit turn-off time. 


Solution. The waveforms for voltages and 
currents are sketched in Fig. 6.43 (5). 


When forward-biased thyristor T1 is triggered 
at firing angle a, T1D2 start conducting the constant 
current J). Soon after wt = x, as supply voltage tends 
to go negative, diode D2 gets forward biased through 
D1. Therefore, from wt =x, load current begins to 
freewheel through T1D2. Thyristor T2 gets forward 


* Ss = . i fa) 
biased after wt =n. At of =2 +a, when T2 is turned Fig. 6.43. Pertaining to Exainple 6.26. 
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on, current J, begins to flow through T2D2 as shown. Soon after wf = 2n, as supply voltage 
toys to go positive, diode D1 gets forward biased through D2. As a result, current flows 
thfough T2D1 till T1 is turned on at wt = 2n + and so on. 


The waveform of output voltage vg shows that average value of output voltage is given 
by : by 


V, 
Vo=— (1 +008 a) 


ve} - 
“oom 
‘ 
of} ‘ 4 _——= 
Ne y, ‘ { | wt 
~ : H 
Sw ; 
iof | 1 a li = 
i [et Ty Te zt f 
oli 14 oy 
; an me H im Y wt 
2 he TID} ef} eT 202 wp 2 —-T1D1 — T2D2—eT2be 
op : a8 tf joa “jor, 
: | a 
H 
i 
\ 
| 
{ 


ante) 


wt 


Fig. 6.43. (6) Voltage and current waveforms pertaining to Example 6.26. 
(a) Average value of output voltage 


Vor W280 (1 +.cos 30°) = 193.172 V 
(b) Vi sE+IgR 
193.172 = 100 +I) x 10 
Average value of output current 
[p= 3 = = 9.32 A 


! (¢) It is seen from the waveforms of thyristor current ip, and diode current ip, that both 


conduct for x radians for any value of firing delay angle. On account of this, the circuit of 
Fig. 6.43 (a) is sometimes called symmetrical configuration for a single-phase semiconverter. 
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Average value of thyristor current 
i 7 a, 00 ee = 
Ip gely m2 2 =4.66A 


Rms value of thyristor current 
‘ Lf 
Ip, = VEE = Be 98? - 6.501. 
(d) Average and rms value of diode currents are the same as those for a thyristor as 
discussed in (c) above. : : 
.. Average value of diode current = 4.66 
Rms value of diode current =6.591A 
(e) Rms value of source current 


nr-a@ nr-a@ 
1,.,= 25 T =Iy \ t 
; =9.32-\2= 29 — 8.508. 


Rms value of load current I,, =I) = 9.32 A. 


Power delivered to load =EI,+22.x R= 100x9.32+ 9.32? x 10 
Also 230 x 8.508 x cos @ = Power delivered to load 

’ _ 932 +9.327x 10 _ . 

-. Input pf= ~“930x8.508 0.9202 lag 


(f) It is seen from the waveform of vr, that circuit turn-off time is 


4 ka 6 
lar) = Fax 50 * 1000 ms = 8.33 ms. 


PROBLEMS 


6.1. (a) A single-phase half-wave SCR circuit feeds power to a resistive load. Draw waveforms for 
source voltage, load voltage, load current and voltage across the SCR for a given firing angle a. Hence 
obtain expressions for average and rms load voltages in terms of source voltage and firing angle. 

(b) Aresistive load of 10 Q is connected through a half-wave SCR circuit to 220 V, 50 Hz, single-phase 


source. Calculate the power delivered to load for a firing angle of 60°. Find also the value of input power 
factor. {Ans. (b) 1946 . 887 W, 0.6342] 


6.2, (a) An RL load is fed from single-phase supply through a thyristor. Derive an expression for 
load current in terms of supply voltage, frequency, R, L etc. Indicate the time limits during which this 
solution is applicable. 

For this thyristor-load combination, draw waveforms for load voltage, load current, source current 
and voltage across the thyristor. 

(b) An RL load, energised from single-phase, 230 V, 50 Hz source through a single thyristor, has 
R=10Qand L = 0.08 H. If thyristor is triggered in every positive half cycle at a= 75°, find current 
expression as a function of time. [ Ans. (6) 12.023 sin (314 ¢ - 68.3") ~ 2.3 614°"! 

| 6.3. (a) For a single-phase one-pulse controlled converter system, sketch waveforms for load voltage 
and load current for (i) RL load and (ii) RL load with freewheeling diode across RL. From a comparison 
of these waveforms, discuss the advantages of using a freewheeling diode. 
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\, (b) Abattery is charged by a single-phase one-pulse thyristor controlled rectifier. The supply is 30 
V, 50 Hz and battery emf is constant at 6 V. Find the resistance to be inserted in series with the battery 
to limit the charging current to 4 Aon the assumption that SCR is triggered continuously. Take a voltage 
drop of 1 V across the SCR. Derive the expression used. [Ans (b) 2.5467 Q) 


6.4. (a) A de battery is charged through a resistor R as shown in Fig. 6.5 (a). Derive an expression 
for the average value of charging current in terms of V,,,E, R, firing-angle delay a etc. Here a > 0, 
where @, can be obtained from V,, sin @, = E. 

(b) For an ac source voltage of 230 V, 50 Hz, find the value of average charging current for 
R=10, E = 110 V and for firing angle delay = 30°. 

(c) Derive an expression for the rms value of charging current for the circuit described in part (a) 
above. Also, calculate the power delivered to battery and that dissipated in the resistor. 

(d) Calculate the supply pf. 

(Ans. (a) Eq. (6.212), (6) 5.3743 A 
3 172 
1 (V? +B) (n-@. — «+ VE (gin 20+ sin 26 )-2V,, E (cos a + cos 84) 
2nR? s 1 2 $3 m 1 , 
591.173 W, 926.175 W (d) 0.6855 lag] 

6.5. A single-phase one-pulse SCR controlled converter feeds an RL load with a freewheeling diode 
across the load. Discuss how freewheeling dicde comes into play when,supply voltage is passing through 
zero and becoming negative. Sketch waveforms for supply and load voltages, load current, supply 
current, freewheeling diode current and voltage across the SCR. . 

_ Derive expressions for the load current as a function of time during conduction as well as freewheel- 
ing periods. Derive also an expression for average load current. 

6.6. (a) Describe the working of a single-phase one-pulse SCR controlled converter with RLE load 
through the waveforms of supply voltage, load voltage, load current and voltage across the SCR. Hence 
derive expression for the load current in terms of supply voltage, load impedance, firing angle, load 
voltage etc, 

(b) A single-phase one-pulse converter with RLE load has the following data : 

Supply voltage = 230 V at 50 Hz, R=20,L=1 mH, E=120V, 

’ Extinction angle B = 220°, firing angle a = 25°. 
(i) Calculate the voltage across thyristor at the instant SCR is triggered. 


(ii) Find the voltage that appears across SCR when current decays to zero. 
(iii) Find the peak inverse voltage for the SCR. Ans. [17.465 V, 329.079 V, 445.27 V} 


6.7. Describe the operation of a single-phase two-pulse mid-point converter with relevant voltage 
and current waveforms. Discuss how each SCR is subjected to a reverse voltage equal to double the 
supply voltage in case turns ratio from primary to each secondary is unity. 

Find the circuit turn-off time provided to each SCR by this converter configuration. 

6.8. In a single-phase mid-point converter, turns ratio from primary to each secondary is 1.25. The 
source voltage is 230 V, 50 Hz. For a resistive load of R = 2 2, determine 

(a) maximum value of average output voltage and load current and the corresponding firing and 
conduction angles, 

(b) maxiroum average and ms thyristor currents, 

(c) maximum possible values of positive and negative voltages across SCRs, 

(d) the value of o for load voltage of 100 V, 

(e) the value of voltage across SCR at the instant of commutation for a of part (d). 


(c) 


an-o R 


{Ans. (a) 165.63 V, 82.82 A, a= 0°, y= 180° (6) 41.41 A, 65.0544 
(c) 520.4 V, 520.4 V (d) 52.862° (e) 414.82 V] 


eV, 
[min (6) Maximum average thyristor current = an j —* sin wt - d(wt) etc. 
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6.9. (a) A single-phase full converter charges a battery which offers a constant value of E. A resistor 
Ris inserted to limit the battery charging current. Derive an expression for the average charging current 
in terms of V,,, E, R etc. on the assumption that each pair of SCRs is fired continuously in eath half 


cycle. Take V, as the voltage drop in conducting SCRs. 


(b) Find the value of R in case battery charging current is 6 A, supply voltage is 40 V, 50 Hz, 
E=12 Vand V, =1 volt. 


(c) Find the power dissipated in R. 
‘(d) Find the supply power factor. 
7s boa 13 
(Hint. Refer to example 6.2. (b) @; = i 
examp (6) 6; = sin Y2.40 
(c) Use Eq. (6.23) with 2n replaced by x in the denominator]. 
{Ans. (a) + [2 V,, cos 8, — (E + Vn - 20,)) 
(b) 3.994 Q (c) 206.446 W (d) 0.9891 lag] 


6.10. A single-phase semi-converter delivers power to RLE load with R=59, L=10mH and 
E=80 V. The ac source voltage is 230 V, 50 Hz. For a continuous conduction, find the average value of 
output current for a firing angle delay of 50°. 

If main SCR T2 is damaged and open circuited, find the new value of average output current on 
the assumption of continuous conduction. Sketch the output voltage waveform and indicate the conduc- 
tion of various components. [Ans. 18.013 A; T1 D1, FD ; T1 D1, FD and so on ; 1.0063 A} 


6.11.. A single-phase full converter feeding RLE Joad has the following data. Source volt- 
age = 230 V, 50 Hz; R =2.5 9, E=100V, Firing angle = 30°. 
If load inductance is large enough to make the load current virtually constant, then 
_ a) sketch the time variations of source voltage, source current, load voltage, load current, current 
through one SCR and voltage across it, 
(b) compute the average value of load voltage and load current, 
(c) compute the input pf. [Ans. (a) Refer to Fig. 6.10 (5), (6) 179.30 V,31L.72A (c)'0.7796 lag] 


8.12: Repeat Prob. 6.11 in case a freewheeling diode is connected across RLE load. 


i 12 
Hint. (c) Rms value of load current -(8 8 [Ans. (6) 193.17 V, 37.268 A (c) 0.8461 lag.) 


6.13. Describe the working of a single-phase full converter in the rectifier mode with RLE load. 
Discuss how one pair of SCRs is commutated by an incoming pair of SCRs. Hlustrate your answer with 
waveforms for source voltage, Z, output voltage and current, source current, current through and voltage 
across one thyristor. Assume continuous conduction. 

Derive an expression for the average output voltage in terms of source voltage and firing angle. 
From the voltage differential equation of this converter, show that Vp =JoR + £. 

6.14. Describe the working of a single-phase full converter in the inverter mode with RLE load. 
Illustrate your answer with waveforms for source voltage, E, load voltage and current, source current, 
current through and voltage across cae SCR. Assume continuous conduction. 

Find also the circuit turn-off time. Should the average output voltage be more than E during 
inverter operation ? Discuss. 

6.15, A single-phase semiconverter bridge feeds RLE load. Discuss how freewheeling diode comes 
into operation and holds the output voltage to almost zero for a given firing angle delay. Sketch the 
time variations of supply voltage, E, load voltage and current, freewheeling diode current and current 
through each pair consisting of SCR and diode. Find also the circuit turn-off time. Assume the load 
current continuous. 

Also, derive an expression for the average output voltage in terms of source voltage and firing angle. 
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6.16, (a) Write the voltage differential equations for a single-phase semiconverter with RLE load 
for bpth conduction and freewheeling periods. Indicate the time intervals during which these equations 
are fipplicable. Integrate these differential equations to obtain 

‘ Vo=E+IgR 

(b) A separately-excited dc.motor fed through a single-phase semiconverter runs at a speed of 1200 
rpm when ac supply voltage is 230 V, 50 Hz and the motor counter emf is 140 V. The firing angle delay 
is 50°. Armature circuit resistance is 3 2. Compute the average armature current and motor torque. 


(Hint. (5) Find K,, = 1.114 Nm/A and proceed) {Ans. (5) [10.021 A, 11.164 Nm] 

6.17. A single-phase full converter is connected to RLE load. For discontinuous load current, draw 
the source voltage, output voltage, load current and source current waveforms as a function of time 
when 

(a) extinction angle B > x 

(b) extinction angle f < x with V,, sin B < £. 

Explain how the various waveforms are obtained and discuss their nature. 


6.18, A single-phase semiconverter feeds power to RLE load. For discontinuous load current, draw 
the source voltage, output voltage, load current, source current and freewheeling diode current 


waveforms as a function of time when 

(a) extinction angle B > 

(b) extinction angle B < x with V,, sin B < E. 

Explain how various waveforms are obtained and discuss their nature. 

6.19. A single-phase full-converter supplies power to RLE load. The source voltage is 230 V, 50 Hz 
and for load R = 2.Q,L = 10 mH, E = 100 V. For a firing angle of 30°, find the average value of output 
current and output voltage in case the load current extinguishes at (a) 200° and (6) 170°. 

Derive the expressions used. [Ans. (a) 46.2424 A, 192.485 V (b) 56.911 A, 213.822 V] 


6.20. A single-phase mid-point SCR converter supplies constant load current of 5 A when the 
triggering angle is maintained at 36°. The input voltage to the converter is 220 V at 50 Hz. The turns 


ratio from primary to each secondary is 2 Determine the load voltage and input power factor. 


(Hint : Primary AT, = secondary AT,, -. I,N,=1p-No or I,= 10 A etc] 
fAns: 324.45 V, 0.7374 lag} 


6,21. For a 3-phase half-wave diode rectifier, derive an expression for the average output voltage 
Vo in terms of maximum value of source voltage from line to neutral. 

If this rectifier feeds RL load with R = 5 Q and L = 3 mH, find the average load current for 3-phase 
input voltage of 400 V, 50 Hz. {Ans. 54.011 A] 

.22, (a) For a three-phase half-wave SCR converter delivering continuous output current, derive 

expressions for the average output voltage for firing angle of (i) 0° <a < 30° and (ii) 30° <a < 150°. 

(6) A three-phase half-wave SCR converter delivers constant load current of 30 A over the firing 
angle range of 0° to 80°. At these two firing angles, compute the power delivered to load for an ac input 
voltage of 400 V from a delta-star transformer. 


3N3 V, 
[ ans: (a) For both (i) and (ii), Vo a cos a (b) 8.102 kW (c) 1.4068 x] 


6.23. Describe the evolution of 3-phase six-phase diode rectifier from 3-phase 3-pulse diode rectifiers 
with appropriate circuits and waveforms. Hence derive an expression for the average output voltage of 
a 3-phase six-pulse diode rectifier. 

6.24. A 3-phase full converter is connected to a resistive load. Show that the average output voltage 
is given by 
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3V, : 
| Vo= mt cos a for O<a<= 
R 3 
3'Vint 3 Qn 
and Vo= = 1+ cos ats ‘for B<e< 


where V,, = maximum value of line voltage. 

6.25. For a 3-phase full converter, explain how output voltage wave, for a firing angle of 30°, is 
obtained by using 

(a) phase voltages and (6) line voltages. 

6.26. (c) A resistive load of 10 9 is connected to a 3-phase full converter. The load takes 5 kW for 
a firing angle delay of 70°. Find the magnitude of per phase input supply voltage. Derive the expression 
required for the output voltage in terms of firing angle etc. 

(b) Repeat part (a)-in case an inductor connected in series with the load makes the load current 
constant. 

(c) Repeat part (a) in case an inductor connected in series with the load makes the load current 
continuous. ‘ 

(Hint. (a) First derive an expression for the rms value of output voltage, 


V,-= V, ve Rg +143 cos 20- sin 2a) rt 
or N an {3 4 
(Ans. (a) 214.242 V (6) 279.55 V (c) 213.254 V) 

6.27. For a 3-phase semiconverter, draw output voltage waveforms for a firing angle delay of 45° 
indicating the conduction of its various elements on the assumption of continuous output current. 
Discuss whether freewheeling diode comes into play or not. Hence obtain an expression for the average 
output voltage in terms of ac supply voltage, firing angle delay etc. by using both sine and cosine 
functions for the supply voltage. 

6.28. Sketch output voltage waveform for a 3-phase semiconverter for a firing angle delay of 75°. 
Indicate the conduction of various elements and discuss whether freewheeling diode comes into play 
on the assumption of continuous load current. Hence obtain an expression for the average output voltage 
by using both sine and cosine functions for the supply voltage. 

6.29. A 3-phase semiconverter is connected to RLE load. For a firing angle delay of 120°, draw 
output voltage and load current waveforms in case load current is (a) continuous and (6) discontinuous. 
For both parts, indicate the conducting elements of the semiconverter during three periodic times of 
the output voltage wave. Discuss briefly the nature of waveforms obtained. 

6.30. A separately-excited dc motor fed from 3-phase semiconverter develops a full load torque at 
1500 rpm when firing angle is zero, the armature taking 50 A at 400 V de and having an armature-circuit 
resistance of 0.5 Q. Calculate the supply voltage per phase. Find also the range of firing angle required 
to give speeds between 1500 rpm and 750 rpm at full-load torque. 


3V, 
(Hint. For = 0° and 1500 rpm, ate 400, K = 0.25 V/rpm etc.] [Ans. 171.006 V, a = 0° to 86.42°1 


6.31. A 3-phase full converter thyristor bridge feeds a resistive load R. 

(a) Sketch input voltage waveforms for Ug, Vgc, Vac ete: 

(b) From (a), sketch the waveform of the output current io for a firing angle of 30°. 

(c) From (6), sketch the waveform of input current i, for phase A for o = 30°. Show the duration of 


conducting thyristors. In case input voltage is 400 V and R= 200 Q, indicate the peak magnitude of 
current iy. [Ans. (c) Peak magnitude of i, = 2.828 A] 


6.32. For a 3-phase full converter, sketch the input voltage waveforms for Ug5, Vac, Vie etc and voltage 
variation across any one thyristor for one complete cycle for a firing angle delay of (2) 60° and (6) 


120°. 
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Find the magnitude of reverse voltage across this SCR and its commutation time for both parts (a) 
and (6) for a supply voltage of 230 V, 50 Hz. [Ans. (a) 325.22 V, 10 m sec (6) 281.69 V, 3.33 m sec) 


6.33. A battery is charged from 3-phase supply mains of 230 V, 50 Hz through a 3-phase semicon- 
verter. The battery emf is 190 V and its internal resistance’ is 0.5 Q. An inductor connected in series 
with the battery renders the charging current of 20 A ripple free. Compute the firing angle delay and 
the supply power factor. : [Ans. 73.263°, 0.652 lag} 


6.84, (a) A 3-phase full converter is used for charging a battery with an emf of 110 V and an internal 
resistance’ of 0.2 2. For a constant charging current of 10 A, compute the firing angle delay for ac line 
voltage of 220 V. Find also the supply power factor. 

(b) For the purpose of delivering energy from de source to 3-phase system, the firing angle of the 
3-phase converter has been increased to 150°. For the same value of de source current of 10 A, compute 
the output ac line voltage. [Ans. (a) 67.85°, 0.36 lag (b) 92.36 V) 


6.35. A 3-phase full converter is delivering a constant load current of 50 A at 230 V dc when its 
input is 3-phase, 415 V, 50 Hz. If each thyristor has a voltage drop of 1.1 V when conducting, calculate 
(a) the firing angle delay of SCRs (6) the rms current of SCRs (c) rms source current (d) the mean power 
loss in each SCR and (e) input pf. (f) In case ac supply has an inductance of 3 mH per phase, find the 
new value of firing angle for the same de power output as before. 

(Hint : (e) Input power = output power + power lost in SCRs 

AB x 415% 40.825 x cos $= 230% 50 + 1.1x 52 x 6 ete] 
' [Ans: (a) 64.54° (b) 28.87 (c) 40.825 A (d) 18.33 W (e) 0.3936 lag (f) 59.12°} 

6.36. (a) Discuss the effect of source inductance on the performance of a single-phase full converter 
indicating clearly the conduction of various thyristors during one cycle. 

Derive expressions for its output voltage in terms of (i) maximum voltage V,,, firing angle o and 
overlap angle and (ii) V,,,@, L, and load current I, Here L, is the source inductance. 


ol, 
Show that the effect of source inductance is to present an equivalent resistance of = Q in series 


with the internal rectifier voltage. 

(b) A single-phase full-converter fed from 220 V, 50 Hz supply gives an output voltage of 180 V at 
no load. When loaded with a constant output current of 10 A, the overlap angle is found to be 6°. 
Compute the’ value of source inductance in henries. [Ans. (5) 4.8084 mH] 


6.87. (a) Show that the performance of a single-phase full converter as effected by source inductance 


is given by the relation 


ab, Io 
cos (O + Lt) = cos & Vv. 
m 


where the symbols used have their usual meanings. 

(b) A single-phase full converter is connected to ac supply of 330 sin 314 ¢ volt and 50 Hz. It operates 
with a firing angle a = 2/4 rad. The total load current is maintained constant at 5 A and the load voltage 
is 140 V. Calculate the source inductance, angle of overlap and the load resistance. 

{Ans: 17.113 mH, 6.267°, 28 Q] 


6.38. (a) Show that the performance of a three-phase full converter as influenced by source 
inductance is given by the relation 


= al, | 
cos (@ + fl) = cos & Var lo 


The symbols used have their usual meanings. 

(b) A3-phase fully controlled bridge converter is fed from a 3-phase 400 V, 50 Hz mains. For firing 
angle of 60°, output current is level at 25 A and output voltage is 250 V. Calculate the load resistance, 
source inductance and angle of overlap. (Ans: 109, 2.667 mH, 4.8°] 
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6.39. A single-phase semiconverter, with two thyristors and 
two diodes as shown in Fig. 6.44, is supplied from 230 V, 50 Hz 
sourg:. The load consists of R = 10.2, E = 100 V and a large in- 
ductdince to make the load current level. For a firing angle delay 
of 30°, determine (a) average voltage (6) average output current 
(c) average and rms values of thyristor as well as diode currents 
(d) input power factor and (e) circuit turn-off time: 

[Ans ; (a) 193.172 V (6) 9.32 A (c) 8.883 A, 6.016 A; 5.4367 A, 
7.1183 A (d) 0.9202 lag (e) 10 ms] 

6.40. Describe the effect of source inductance on the perfor- 
mance of a 3-phase full converter with the help of phase voltage god 
waveforms, Indicate the sequence of conduction of various thyris- Wig: 644. Portaining.to Prob. 6.49: 
tors and sketch load current waveforms for both positive and negative group of thyristors. 

Derive an expression for its output voltage in terms of supply voltage, source inductance, load 
current etc. 

6.41. Repeat Example 6.18 for firing angle delay of 45° and overlap angle of 45°. 

6.42. Explain how two 3-phase full converters can be connected back to back to form a circulating 
current type of dual converter. Discuss its operation with the help of voltage waveforms across (a) each 
converter (6) load and (c) reactor. 

Describe how circulating current waveform can be obtained from reactor voltage waveform. 

If one of the two converters is loaded, sketch the waveforms of their load currents also. 

6.43. (a) For a 3-phase dual converter, derive an expression for the circulating current in terms of 
supply voltage, reactor inductance, firing angle delay etc. Relevant voltage and current waveforms, 
needed for this derivation, must be sketched. 

(b) Two 3-phase full-converters are connected in antiparallel to form a 3-phase dual converter of 
the circulating-current type. The input to the dual converter is 3-phase, 400 V, 50 Hz. If peak value of 
circulating current is to be limited to 20 A, find the value of inductance needed for the reactor for firing 
angles of (i) 04, = 30° and (ii) a; = 60°. (Ans. (6) (i) 77.97 mH (ii) 20.892 mH] 


Choppers 


Many industrial applications require power from de voltage sources. Several of these 
applications, however, perform better in case these are fed from variable dc voltage sources. 
Examples of such de systems are subway cars, trolley buses, battery-operated vehicles, 
battery-charging etc. 

From ac supply systems, variable de output voltage can be obtained through the use of 
phase-controlled converters (discussed in Chapter 6) or motor-generator sets. The conversion 
of fixed de voltage to an adjustable de output voltage, through the use of semiconductor 
devices, can be carried out by the use of two types of de to de converters given below [5]. 


AC'Link Chopper. In the ac link chopper, de is first converted to ac by an inverter (de 
to ac converter). AC is then stepped-up or stepped-down by a transformer which is then 
converted back to de by a diode rectifier Fig. 7.1 (a). As the conversion is in two stagés, dc to 
ac and then ac to de, ac link chopper is costly, bulky and less efficient. 


"soe AC oc oc oc 
f : . 
“E, Ae! 5. ae L, 


(a) (8) 


c; 
(a) AC link chopper (6) de chopper (or chopper) and 
(c) Reproduction of a power semiconductor device. 
Fig. 7.1 
DC Chopper. A chopper is a static device that converts fixed dc input voltage to a variable 
de output voltage directly Fig. 7.1 (6). A chopper may be thought of as de equivalent of an ac 
transformer since they behave in an identical manner. As choppers involve one stage 
conversion, these are more efficient 


Choppers are now being used all over the world for rapid transit systems. These are also 
used in trolley cars, marine hoists, forklift trucks and mine haulers. The future electric 
automobiles are likely to use choppers for their speed control and braking. Chopper systems 
offer smooth control, high efficiency, fast response and regeneration. 
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The power semiconductor devices used for a chopper circuit can be power BJT, power 
MOSFET, GTO or force-commutated thyristor. These devices, in general, can be represented 
by a switch SW with an arrow as shown in Fig. 7.1 (c). When the switch is off, no current 
can flow. When the switch is on, current flows in the direction of arrow only. The power 
semiconductor devices have on-state voltage drops of 0.5 V to 2.5 V across them. For the sake 
of simplicity, this voltage drop across these devices is neglected. 


As stated above, a chopper is de equivalent to an ac transformer having continuously 
variable turns ratio. Like a transformer, a chopper can be used to step down or step up the 
fixed dc input voltage. As step-down de choppers are more common, a dc chopper, or chopper, 
in this book would mean a step-down dc chopper unless stated otherwise. 


The object of this chapter is to discuss the basic principles of chopper operation and the 
more common types of chopper configurations using ideal switches. 


7.1. PRINCIPLE OF CHOPPER OPERATION 

A chopper is a high speed on/off semiconductor switch. It connects source to load and 
disconnects the load from source at a fast speed. In this manner, a chopped load voltage as 
shown in Fig. 7.2 (b) is obtained from a constant dc supply of magnitude V,. In Fig. 7.2 (a), 
chopper is represented by a switch SW inside a dotted rectangle, which may be turned-on or 
turned-off as desired. For the sake of highlighting the principle of choper operation, the 
circuitry used for controlled the on, off periods of this switch is not shown. During the period 


Chopper 


rose ) 


: (a) (0) 
Fig. 7.2 (a) Elementry chopper circuit and (b) output voltage and current waveforms. 


T,,, chopper is on and load voltage is. equal to source voltage V,. During the interval 7,4, 
chopper is off, load current flows through the freewheeling diode FD. As a result, load 
terminals are short circuited by FD and load voltage is therefore zero during Ty In this 
manner, a chopped de voltage is produced at the load terminals. The load current as shown 


in Fig. 7.2 (b) is continuous. From Fig. 7.2 (b), average load voltage Vo is given by 


Ton Ton 
Vo= TT sa V=avV, (7.1) 
where T.,, = on-time ; T,¢= off-time 


T =T 4, + Tog= chopping period 


ah 
a= = duty cycle 


Thus load voltage can be controlled by varying duty cycle a. Eq. (7.1) shows that load 
voltage is independent of load current. Eq. (7.1) can also be written as 


250 {Art. 7.2] Power Electronics 


Vo=h Ton Vs (7.2) 


= chopping frequency 


IR 


where : f= 


7.2, CONTROL STRATEGIES 2 

It is seen from Kq. (7.1) that average value of output voltage Vj can be controlled through 
@ by opening and closing the semiconductor switch periodically. The various control strategies 
for varying duty cycle o are as follows : 

7.2.1. Constant Frequency System 

In this scheme, the on-time T,,, is varied but chopping frequency f (or chopping period 
T) is kept constant. Variation of T,,, means adjustment of pulse width, as such this scheme 
is also called pulse-width-modulation scheme. This scheme has also been referred to as 
time-ratio control (TRC) by some authors. 


Fig. 7.3 illustrates the prineple of pulse-width modulation. Here spree period T is 
constant. In Fig. 7.3 (a), T,, {T so that @= 0.25 ora= 25%. In Fig. 7.3 (6), T,,, = $ T so that 


a= 0.75 or 75%, Ideally o can be varied from zero to infinity. Therefore output Voltage V, can 
be varied between zero and source voltage V,. 
7.2.2. Variable Frequency System 


In this scheme, the chopping frequency f (or chopping period T' ) is varied and either (i) 
on-time T,,, is kept constant or (i) off-time T,g is kept constant. This method of controlling 


a is also called frequency-modulation scheme. 


T. 
Le hie Load voltage 
vt 
s 
mc + | | | 
at 
a (a) 
Yot Tott Load voltage 
Vs [ 
Ton ' 


“1 (b) 


Fig. 7.3. Principle of pulse-width modulation (constant T). 

Fig. 7.4 illustrates the principle of frequency modulation. In Fig. 7.4 (a), T,,, is kept 
constant but 7 is varied. In the upper diagram of Fig. 7.4 (a), To, =iT so that a= 0.25. In 
the lower diagram of Fig. 7.4 (¢), 7,, = 3 T so that a = 0.75. In Fig. 7.4 (6), T, is kept constant 
and T is varied. In the upper diagram of this figure, T,,, =i T so that o = 0.25 and in the lower 
diagtam T,, =4T so that a= 0.75. 


Frequency modulation scheme has some disadvantages as compared to pulse-width 
modulation scheme. These are as under : 
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Fig. 7.4, Principle of frequency modulation. 
(a) on-time T,,, constant and (6) off-time Top constant. 

(i) The chopping frequency has to be varied over a wide range for the control of output 
voltage in frequency modulation. Filter design for such wide frequency variation is, therefore, 
quite difficult. 

(ii) For the control of a, frequency variation would be wide. As such, there is a possibility 
of interference with signalling and telephone lines in frequency modulation scheme. 

(iii) The large off-time in frequency modulation scheme may make the load current 
discontinuous which is undesirable. 

It is seen from above that constant frequency (PWM) scheme is better than variable 
frquency scheme. PWM technique has, however, a limitation. In this technique, T,,, cannot 
be reduced to near zero for most of the commutation circuits used in choppers. As such, low 
range of o control is not possible in PWM. This can, however, be achieved by increasing the 
chopping period (or decreasing the copping frequency) of the chopper. 

7.3. STEP-UP CHOPPERS 

For the chopper configuration of Fig. 7.2 (a), average output voltage Vo is less than the 
input voltage V,, i.e. Vo < V, ; this configuration is therefore called step-down chopper. Average 
output voltage V, greater than input voltage V, can, however, be obtained by a chopper called 
step-up chopper. Fig. 7.5 (a) illustrates an elementary form of a step-up chopper. In this article, 
working principle of a step-up chopper is presented. 


252 [Art. 7.3] : Power Electronics 


Lei, o i 
si > i 
+ n ; 
= Al Wye - 4. Se 


Hl th 
Ton? Toty*—Ton 4 


a : 
(c) (d) 
Fig. 7.5 (a) Step-up chopper (8) L stores energy (c) L - di/dt is added to V, 
(d) current waveform. 
In this chopper, a large inductor L in series with source voltage V, is essential as shown 


in Fig. 7.5 (a). When the chopper CH is on, the closed current path is as shown in Fig. 7.5 
(b) and inductor stores energy during 7, period. When the chopper CH is off, as the inductor 


current cannot die down instantaneously, this current is forced to flow through the diode and 
load for a time Tyg, Fig. 7.5 (c). As the current tends to decrease, polarity of the emf induced 


in L is reversed as shown in Fig. 7.5 (c). As a result, voltage across the load, given by 
V,=V, +L (di/dt), exceeds the source voltage V,. In this manner, the circuit of Fig. 7.5 (a) 
acts as a step-up chopper and the energy stored in L is released to the load. 

When CH is on, current through the load would increase from J, to J, as shown in Fig. 
7.5 (d). When CH is off, current would fall from J, to ;. With CH on, source voltage is applied 
to Li.e. uz = V,. When CH is off, KCL for Fig. 7.5 (c) gives vz, - Vo + V, = 0, or vu, = Vo — V,. Here 
uv, = voltage across ZL. Assuming linear variation of output current, the energy input to 
inductor from the source, during the period T,,, is 

W,, = (voltage across L) (average current through L) T,,, 


=v, [at *) Ton AT) 


= 0} 


2 
During the time T,, when chopper is off, the energy released by inductor to the load is 


Wy = (voltage across L) (average current through L) Tog 


I, +1, 
= = v9 ar *) wATA) 
Considering the system to be lossless, these two energies given by Eqs. (7.3) and (7.4) 
will be equal. 
i+. I+. 
v,( a *}ra= Vo (9 ) Toy 
or Vo=V, =v, AT5) 


Choppers {Art. 7.3] 253 


It is seen from Eqn. (7.5) that average voltage across the load can be stepped up by varying 
the'duty cycle. If chopper of Fig. 7.5 (a) is always off, a= 0 and Vy = V,. If this chopper is 
always on, a= 1 and Vy =» (infinity). In practice, chopper is turned on and off so that a is 
variable and the required step-up average output voltage, more than source voltage, is 
obtained. 


. The principle of step-up chopper can be employed for the regenerative braking of de 
motors. In Fig. 7.5 (a), if V, represents the motor armature voltage and Vy the de source 
voltage, the power can be fed back to the de source in case V,/(1 - &) is more than V,. In this 
manner, regenerative braking of de motor occurs. Even at decreasing motor. speeds, 
regenerative braking can be made to take place provided duty cycle a is so adjusted that 
V,/(. - a) exceeds the fixed source voltage Vo. 


Example 7.1 For the basic de to de converter of Fig. 7.2 (a), express the following variables 
as functions of V,, R and duty cycle a in case load is resistive : 


(a) Average output voltage and current 

(b) Output current at the instant of commutation 

(c) Average and rms freewheeling diode currents 

(d) Rms value of the output voltage 

(e) Rms and average thyristor currents 

(f) Effective input resistance of the chopper. 

Solution. The load voltage variation is shown in Fig. 7.2 (6). For a resistive load, output 
or load current waveform is similar to load voltage waveform. 


ee T, 
(a) Average output voltage, Vo= + V,=aV, 

Vo Ty, V, V, ‘ 
Average output current, I= 2 = 2 z =O R 


(6) The output current is commutated by the thyristor at the instant t = T,,. Therefore, 
output current at the instant of commutation is V,/R. 


(c) For a resistive load, freewheeling diode FD does not come into play. Therefore, average 
and rms values of freewheeling diode currents are zero. 


1/72 
T, 
(d) Rms value of output voltage -[%# : v4] =Va-V, 


T 
F Ton Vs__ Ve 
(e) Average thyristor current =T RR 
2 41/2 
Fi To Me Vi 
Rms thyristor current a} tT =Va- i 


(f) Average source current = average thyristor current = - R 


Effective input resistance of the chopper 


_ —_de source voltage V,-R_R 
average sourcecurrent «-V, @ 
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Example 7.2. For type-A chopper of Fig. 7.2 (a), dc source voltage = 230 V, load resistance 
=g0 Q. Take a voltage drop of 2 V across chopper when it is on. For a duty cycle of 0.4, calculate 

(a) average and rms'values of output voltage and 

(b) chopper efficiency. ; 

Solution. (2) When chopper is on, output voltage is (V, — 2) volts and during the time 
chopper is off, output voltage is zero. 

V, — 2) T, 
.. Average output voltage == We =a (V,- 2) 
= 0.4 (230 - 2) =91.2V 
Rms value of output voltage, 
1/2 


T, 
Vor -(«, - 2). | = Va (V, - 2) 
= V0.4 (230 - 2) = 144.2 V 
(6) Power output or power delivered to load, 
: ; 


v2 2 
Py = 2 = 0442) . 9079.364 W 


R 10 
Power input to chopper, P;=V,-J)=230x me = 2097.6 W 
; Po. _ 2079.364 } 
Chopper efficien => = ~onay a * 100 = 99.13%. 
PP od P, 2097.6 ° 


Example 7.3. A step-up chopper has input voltage of 220 V and output voltage of 660 V. 
If the non-conducting time of thyristor-chopper is 100 ts, compute the pulse width of output 
voltage. : 


In case pulse width is halved for constant frequency operation, find the new output voltage. 


Solution. From Eq. (7.5), 660=220—— 


l-a 
22m 
or . a=g 7 
2 1 . 
Ton = 3 T and Tyg=T - To = 3 T= T = 100 us (given) 


i 

3 
Tyq= 8001s and Ty, = 3 x 300 = 200 ps. 
| When pulse width is halved, T,, = = x 200 = 100 ps 

for constant frequency operation, T= 300 ps ; Tyg= T - T,, = 200 us 


. New output voltage, V, = 220 +. = 830 V. 
1 -_-— 
; 3 
1A. TYPES OF CHOPPER CIRCUITS 


Power semiconductor devices used in chopper circuits are unidirectional devices ; 
polarities of output voltage V, and the direction of output current Jy are, therefore, restricted. 


ee ppet 


Choppers fArt. 7.4] 255 


Achopper can, however, operate in any of the four quadrants by an appropriate arrangement 
of Semiconductor devices. This characteristic of their operation in any of the four quadrants 
forms the basis of their classification as type-A chopper, type-B chopper etc. Some authors 
describe this chopper classification as class A, class B, ... in place of type-A, type-B .... 
respectively. : 

In the chopper-circuit configurations drawn henceforth, the current directions and voltage 
polarities marked in the power circuit would be treated as positive. In case current directions 
and voltage polarities turn out to be opposite to those shown in the circuit, these currents 
and voltages must be treated as negative. 


In this section, the classification of various chopper configurations is discussed. 
7.4.1. First-quadrant, or Type-A, Chopper 


This type of chopper is shown in Fig. 7.6 (a). It is observed that chopper circuit of Fig. 
7.2. (a) is also type-A chopper. In Fig. 7.6 (a), when chopper CH1 is on, vg = V, and current 
iy flows in the arrow direction shown. When CH1 is off , vp +0 but i, in the load continues 


flowing in the same direction through freewheeling diode FD, Fig. 7.2 (6). It is thus seen that 
average values of both load voltage and current, i.e. V, and iy are always positive : this fact 


is shown by the hatched area in the first quadrant of Vo ~Io plane in Fig. 7.6 (0). 
Yo 


CHYFD 


(a) (6) 
Fig. 7.6. First-quadrant, or type-A chopper. 


The power flow in type-A chopper is always from source to load. This chopper is also 
called step-down chopper as average output voltage Vj is always less than the input de voltage 
vo 


ss 
7.4.2. Second-quadrant, or Type-B, Chopper 


Power circuit for this type of chopper is shown in Fig. 7.7 (a). Note that load must contain 
a de source E, like a battery (or a de motor) in this chopper. 


) 
Fig. 7.7. Second-quadrant, or type-B, chopper. 
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When CH? is on, v9 = 0 but load voltage E drives current through Z and CH2. Inductance 


at 


L stores energy during T.. (=on period) of CH2. When CH2 is off, a +L as exceeds 
‘ion, thus allowing 


source voltage V,. As a result, diode D2 is forward biased and begins conduc 
power to flow to the source. Chopper CH2 may be on or off, current Jy flows out of the load, 
current i, is therefore treated as negative. Since Vy is always positive and J, is negative, 


power flow is always from load to source. As load voltage V)=|E +L ai] is more than source 


voltage V,, type-B chopper is also called step-up chopper. 

Both type-A and type-B chopper configurations have a common negative terminal between 
their input and output circuits. , 

7.4.3. Two-quadrant type-A chopper, or Type-C Chopper 

This type of chopper is obtained by connecting type-A and type-B choppers in parallel as 
shown in Fig. 7.8 (a). The putput voltage Vo is always positive because of the presence of 
freewheeling diode FD across’ the load. When chopper CH2 is on, or freewheeling diode FD 
conducts, output voltage vg = 0 and in case chopper CH1 is on or diode D2 conducts, output 
voltage ug = V,. The load current ip can, however, reverse its direction. Current iy flows in the 
arrow direction marked in Fig. 7.8 (a), i.e. load current is positive when CH1 is on or FD 
conducts. Load current is negative if CH2 is on or D2 conducts. In other words, CH1 and FD 
operate together as type-A chopper in first quadrant. Likewise, CH2 and D2 operate together 
as type-B chopper in second quadrant. 


t) 
Vig 78. Two-quadrant type-A chopper, or type-C aes 

Average load voltage is always positive but average load current may be positive or 
negative as explained above. Therefore, power flow may be from source to load (first-quadrant 
iteration’ or from load to source (second-quadrant operation). Choppers CH1 and CH2 should 
not be on simultaneously as this would lead to a direct short circuit on the supply lines. This 
type of chopper configuration is used for motoring and regenerative braking of dc motors. 
The operating region of this type of chopper is shown in Fig. 7.8 (6) by hatched area in first 
and second quadrants. 

7.4.4. Two-quadrant Type-B Chopper, or Type-D Chopper 

The power circuit diagram for two-quadrant type-B chopper, or type-D chopper, is shown 
in Fig. 7.9 (a). The output voltage uy = V, when both CH1 and CH2 are on and vu, = - V, when 
both choppers are off but both diodes D1 and D2 conduct. Average output voltage Vp is positive 
when choppers turn-on time T,, is more than their turn-off time Ti as shown in Fig. 7.9 {e). 
Average output voltage Vo is negative when their T,, < Togs Fig. 7.9 @). The direction of load 
current is always positive because choppers and diodes can conduct current only in the 
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direction of arrows shown in Fig. 7.9 (a). As Vo is reversible, power flow is reversible. The 
operatjon of this type of chopper is shown by the hatched area in first and fourth quadrants 
in Figg 7.9 (0). i 


Fig. 7.9 (a) and (6) Two-quadrant type-B chopper, or type-D chopper 
(c) Vo is positive, T,, > Tog and (d) Vo is negative; To, < Tog: 
7.4.5. Four-quadrant Chopper, or Type-E Chopper 


- The power circuit diagram for a four-quadrant chopper is shown in Fig. 7.10 (a). It consists 
of four semiconductor switches CH1 to CH4 and four diodes D1 to D4 in antiparallel. Workir.7 


_ of this chopper in the four quadrants is explained as under : 


First quadrant : For first-quadrant operation of Fig. 7.10 (a), CH4 is kept on, CHS is 
kept off and CH is operated. With CH1, CH4 on, load voltage v» = V, (source voltage) and 
load current ip begins to flow. Here both vp and ip are positive giving first quadrant operation. 
When CH1 is turned off, positive current freewheels through CH4, D2. In this manner, both 
Vo, Ig can be controlled in the first quadrant. 

Second quadrant : Here CH2 is operated and CH1, CH3 and CH4 are kept off. With 
CH2 on, reverse (or negative) current flows through L, CH2, D4 and E. Inductance L stores 
energy during the time CH2 is on. When CH2 is turned off, current is fed back to source 


thrdugh diodes D1, D4. Note that here) E+Z & is more than the source voltage V,, As load 


voltage V, is positive and I, is negative, it is second quadrant operation of chopper. Also, 
power is fed back from load to source. 

Third quadrant : For third-quadrant operation of Fig. 7.10 (a), CH1 is kept off, CH2 is 
kept on and CH3 is operated. Polarity of load emf E must be reversed for this quadrant 
working. With CH8 on, load gets connected to source V, so that both uo, iy are negative leading 
to third quadrant operation. When CHS is turned off, negative current freewheels through 
CHe, D4. In this manner, vp and ip can be controlled in the third quadrant. 

Fourth quadrant : Here CH4 is operated and other devices are kept off. Load emf E 
must have its polarity reversed to that shown in Fig. 7.10 (¢) for operation in the fourth 
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CH2 operated 
Ba ea CHe2. D4 : L, stores 


vy. CH1 operated 


energy CH1-CH4 : on | 
03 CH2 : off : then D1-D4 CH1 : off ; then CH4-D2 
conduct conduct 
zIy Ip 


baa a CH3-CH2 : on 


D4 CHB. * off ; then CH2-D4 | CH4-D2 : La stores energy 
CH3 operated CH4 : off : then D2, D3 
\ conduct 


‘0 
{a) (b) CH4 operated 


Fig. 7.10. Four-qudrant, or Type-E chopper 
(a) circuit diagram and (6) operation of conducting devices. 


quadrant. With CH4 on, positive current flows through CH4, D2, Z and E. Inductance L stores 
energy during the time CH4 is on. When CH4 is turned off, current is fed back to source 
through diodes D2, D3. Here load voltage is negative, but load current is positive leading to 
the chopper operation in the fourth quadrant. Also power is fed back from load to source. 

The devices conducting in the four quadrants are indicated in Fig. 7.10 (6). 

Example 7.4. Show that for a basic dc to de converter, the critical inductance of the filter 
circuit is given by 
Vo.(V, - Vo) 

OFV, Po 
where Vo, V,, Pyand f are load voltage, source voltage, load power and chopping frequency 
respectively, 
‘ Solution. The critical inductance L is that value of inductance for which the output 

current falls to zero at t = T during the turn-off period of the chopper. A typical waveform of 


output current, with critical inductance in the load circuit, is shown in Fig. 7.11 (5). If current 
variation, from zero to I,,, during T,, and from J,,, to zero during T,,, is assumed linear, then 


average value of output current Ip is given by 


L= 


1 1 
Ty: T= 5 Tnx Ton + 5 Imnx Tot 


1 1 
= 3 Fo (Ton + To) = 3 Ime T 
or I,,, = 2Jg = maximum value of chopper current at t= T,,. It is seen from Fig. 7.11 (a) that 


when chopper CH is on, 


Vo 


ty 


a fenee-- dee - += 


ee : ¢ 
(8) 


he 


Fig. 7.11. Pertaining to Example 7.4. 
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i ; 1 
7 Vorb Gav, or Vorb fE=V, 
fs) p2to v V, 
: Te oe ® 
V,-Vo) T. 
p= Mento he Ad) 
oO 


But average value of output voltage V)=/T,, V, and output, or load, power Py = Vg Ip. 
This gives 


Substituting these values of T,,, and Ip in Eq (2), we get 
(V,- Vo) Vo 
2¢V, Po - 


7.5. STEADY STATE TIME-DOMAIN ANALYSIS OF TYPE-A CHOPPER 

For the type-A chopper of Fig. 7.6 (a) with RLE load, the waveforms for gate signal i,, 
load current ig and load voltage vg are as shown in Fig. 7.12 (a) for continuous conduction 
and, in Fig. 7.12 (6) for discontinuous conduction. In Fig. 7.12 (b), periodic time T is more 
than that in Fig. 7.12 (a). The determination of load current expression is useful for knowing 
(i) the current profile over periodic time T, (i) the current ripple and (iii) whether the current © 
is continuous or discontinuous. The object of this article is to study the type-A chopper with 
RLE load for current variation over 7, current ripple and also for the Fourier analysis of 
output voltage. , 

For RLE type load, E is the load voltage which may be a de motor or a battery. When 
CH1 is on in Fig. 7.6 (a), the equivalent circuit is as shown in Fig. 7.12 (c). For this mode of 
operation, the differential equation governing its performance is 


V=RitL E+E ATE) 
for OstsT,,. 
When CH1 is off, the load current continues flowing through the freewheeling diode and 
the equivalent circuit is as shown in Fig. 7.12 (d). For this circuit, the differential equation 
is 


o=Ri+LGsE ALT 
dt 
for Tun <t ST. 


Solution of Eqs. (7.6) and (7.7) may be obtained by the use of Laplace transform. It is 
seen from Fig. 7.12 (a) that initial value of current is I,,, for Eq. (7.6) and I,,, for Eq. (7.7). 
Therefore, Laplace transform of Eqs. (7.6) and (7.7) is 
-E 


V, 
RI(s) + L{sk(s) — Inn) = : A781 
and RI(s) + LlsX(s) — Ing] -2 LATS" 
V.-E Ll V,- Ts 
From Eq. (7.8), I(s)=— +e @™= a 


s E Ft 
s(R+L)  R+L, L(0+#| o+f 
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ant 


>t 


¥ Ton 
b ema 
(a) (6) 


Fig. 7.12. Type-A chopper (a) continuous load current and (6) Discontinuous load current. 


©) » @) 
Fig. 7.12, Equivalent circuit for type-A chopper with (c) CHi on and (d) CH1 off. 


L. 
--—— 


Pa 
: i Ton 


@) 
Fig. 7.12 (e) Pertaining to ¢’. 
Laplace inverse of the above expression is 
A 


>t 


ve E Be R 
(= Le eae eit AT.10) 
for Osts 7. 
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Similarly, the time-domain ‘expression for current from Eq. (7.9) is 


| ae 
y= 2 (a-€ UV ete LATAD) 
for Ty, <tST 
where t’=¢- T,,, see Fig. 7.12 (e), 80 that when 
t=T,,, ¢=0 
and for t=T, t=T-T..=Top 


The variation of current i(t) from J, 2 tO Lmny for O<t<T,, can be plotted from Eq. (7.10) 
and that of i (!’) from Z,, to I, for 0< is To from Eq. (7. 1). 


In Eq. (7.10), at t = Top it) =Ime 


V,- 
Ine rb. oe a +I er lovTs ATA) 
In Eq. (7.11), at t” = Tyg = T Tons Ht) = Linn : 
gas 4 @ = oo Tae | ea (7.18) 
where a= L. 


Eqs. (7.12) and (7.18) can be solved for Ime ANd In 88 under : 


From Eq. (7.12), In = x -€ sl zg (l -e ta Inn @ Ten’? 


Substitution of I,,, from Eq. (7.13) in the above expression gives 
-r/t,\_ EE .-1,/7, © 4-Ta/T, 
me F(t e )-3 +R e -R° 


a - (T- T/T, - en Fon/Te +Inx en P= Teal/To . 9 T/T 


=7(1-¢ eFa/te) E(i- oP) + Ie wer 


R 
or Ins (2 vi ort) at en Ten! w/t) B(i-e7™) 
V, [1 —e7 ToT 
ok hu? 5 state |B = |" Re (7.14) 
Substitution of J,,, from Eq. (7.14) in (7.13) gives 
VE — en Te/T 
Ince Bt Be OTe f sailor _£ -@-1,VT, 


V, eton’T a -1 E 
Inn = Aine i|\"R 7.15) 
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,, In case CH1 conducts continuously, then T,,, = 7 and from Eqs. (7.14) and (7.15). 
V,-E 

= Inn = RB 

The maximum J,,, and minimum [,,, values of load current can be obtained from Eqs. 
(7.14) and (7.15) respectively for given V,, R, a, T, and E. 

For those who are not familiar with Laplace-transform technique, the following method 
may ‘be adopted for solving Eqs. (7.6) and (7.7). 

Eq. (7.6) can be re-written as 


.(7.16) 


(R+Lp)i=V,-E (2) 
d 
where Pra 


The solution of Eq. (2) consists of two parts, complementary function and the particular 
integeral. 

Complementary Function : It is obtained from force-free equation (R + Lp)i=0. Its 
solution is. of the type 


i=Ae”, 
Here p is the root of the auxiliary equation R + Lp = 0 and this root is p =— Lr 


Es) 


‘ -2r 


i ior. =Ae * ; 
Particular Integral : It is obtained from Eq. (i) by putting p = 0. 


or ip =—R 
Therefore, the complete solution of Eq. (7.6) is 
izipy tion. 
_Me-E, -Br 
ae: 


Constant A can be obtained from the initial condition. It is seen from Fig. 7.12 (a) that 
at t= 0, the initial current during T,,, is i=T,,,- 


V,-E 


Ian R +A 
V,-E 
or A=[m- a 
V,-E 2, RF 
i= =F [a-e z Jane BE (7.10) 


This agrees with the solution in Eq. (7.10). Solution of Eq. (7.7) can also be obtained 
similarly as in Eq. (7.11). 
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fae Steady State Ripple’ 
t is seen from Fig. 7.12 (e) that current pulsates between /,,, and I,,,. The ripple current 
(nee — In) CaN be obtained from Eqs. (7.14) and (7.15) as follows : 
, VI aon PT ol mn/Ta-} 
Tne — Tian = 44 2 -oa 
R[ 1-e et} 


: vt up lat a- 7 Ton/Tey | 


RL a-e ™ : -e 
Vf CL =e TonFey — (1 = 6 Ton Bey @lTon = 
=R| . 


lie 
Vif (1 — 7 o0/Te) (1 - 7 F- T/T, 
= ¥ ETE ATID 


The ripple current given by Eq. (7.17) is seen to be independent of load counter emf E. 
With T,, =a T and T - T,, = (1 - a) T, Eq. (7.17), can be written as 


_ vi a- ee ib) a- el - 9 T/T.) 


-1 


Tnx mn ~ RL 1-67 
I.-I _e a/T, —etl-wrT, 
Per unit ripple current =e at . 7 ya £ ) (7,18) 
aene k 


s 
1.0 


For a= 0.5 and T/T, = 5, p.u. ripple current 
=0.848. For «=0.5 and 7/T,=25, pu ripple 
current = 1. In this manner, the variation of pu 
ripple current as a function of duty cycle 
a and ratio T/T, can be plotted as shown in Fig. 


7.13. Its value is maximum when a=0.5. As L 
increases, T, (= L/R) increases and T/T, reduces 


and pu ripple current decreases, Fig. 7.13. 


The peak to peak ripple current has maximum 
value AI,,, when duty cycle «= 0.5 in Eq. (7.18). 


° 
3 
a 


e 
2 
a 


P.u. ripple current —» 
o 
3 


0S 


Puttin; Poy for convenience, AI,,, from Eq. 
ny me f 
- 0 0.25 


H Le 
0.5 0.75 10 


(7,18) is 5 
ty cycle @—» 
AL |= Vf a-e7°* ae °* Fig. 7.13. Per unit ripple current as a 
mR 1-e7 function of « and T/T. 
‘= MATE —e" °™) ie ~ 2) 
R | ae?) (1—-e 8*) 
V,[1-e°*|_ Ve, 1 
-7 [tte =oR tanh 4° 
V, 
t =" * tanh 2 


ba 
" 


But 


sale dy] 
iw) 
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Vv, R 
Alig = R tanh YL 
In case 4fZ > 7R, then tanh J “a Under ‘this condition, maximum value of ripple 
_ current is 
Vv, R_Ys 
Mee RL fe 


This shows that maximum value of ripple current is inversely proportional to chopping 
frequency and the circuit inductance. 


Example 7.5. In the continuous conduction mode of type-A chopper, show that per unit 
ripple in the load current is maximum when duty cycle is equal to 0.5. 


Solution. Eq. (7.18) can be used to prove that ripple in the output current, or per-unit 
ripple in load current is maximum when the duty cycle is equal to 0.5. 


Therefore, from Eq. (7.18), ripple current AI is 


-a- a)7/T, 
AI= % [o=sa| wi) 
Also per-unit ripple in load current is 
Al ee er PHOT, 9 T/T) “agi 
VIREO eg eo wv 


' For obtaining the values of duty cycle for which the ripple in current is maximum, 
differentiate Eq. (i) or (ii) with respect to « and equate to zero. 


a(-AL a-rilaeen. (gL etarn gx val 


V,/R a a 
da ~ a -e 7/2 * 
T io-ort,_ 7  o-a-art, _ 
or Pe T, e T, e =0 
or en OT, - 9 t-alT/T, 
of T 
or a Q-o zr 


a=(1-a@) or a=Z=05. 


This shows that for duty cycle equal to 0.5, ripple in load current is maximum. 

7.5.2. Limit of Continuous Conduction 

In a chopper, if T,,, is reduced, T,¢ increases for a constant chopping period T. At some 
low value of T,,, the value of T,g is large and the current i may fall to zero. Since the current 


in type-A chopper cannot reverse, it stays at zero. The limit of continuous conduction is 
reached when J,,, in Eq. (7.15) goes to zero. The value of duty cycle o at the limit of continuous 


conduction is ob: i: 4 by equating J,,,, in Eq. (7.15) to zero. Therefore, 


- yee rail f E_o 
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v elu -1 OE 


or a7 tym 
et ~Y, 
or efa/M=1+m (e/% ~) 
a Ton 3 T/T, 
or ir ae In[1+m(e -1)] A719) 
For given E, V,, Tand T, ; if duty cycle is D 
a’ as given by Eq. (7.19), then the current is just 10 8 
continuous. If actual duty cycle is less than a’ No chopper 


operation 


as given here, the load current would be 
discontinuous. For some value of T,/T, say 1, 75 


value of a’ is calculated for various values of m 
from 0 to’ 1. For example, for m = 0.5, 
a’ =1In [1+0.5 (e! - 1)] = 0.6201. 
For other values of m, a’ is computed and 
plotted as curve OAB in Fig. 7.14 with T,/T as 0.25 
one parameter. For this value of T,/T( = 1.0), the 


OABCO represents continuous conduction 
region and the other area OABDO as the region ou 


of discontinuous conduction. In Fig. 7.14, for 3 oz wae ae tee 
m=0.5 andT,/T = 1, point A gives the limit of . bese : ae 
continuous conduction with o = 0.6201. For Hg. 714 Te 


these values of m(=0.5) and (T,/T (=1), if ; 

actual duty cycle a. is equal to 0.7 (say) , then this point would lie in the region OABCO ; this 
value of « would therefore give continuous conduction for the load current. Straight line 
OB corresponds to T,/T = 0. Actually, the chopper operation for the area between (Fig. 7.14) 


(i) the straight line OB and BOD is not possible as T,/T can never be less than zero, 
(ii) the straight line OB and curve OAB represents discontinuous current mode for 


T, 
O<<1. 


T 
os ; To 
_ (ii) curve OAB and OCB represents continuous current mode for 7? 1. 


In case actual duty cycle o is equal to 0.6 (say), then as this point would lie in the region 
between the curve OAB and straight line OB, the load current would be discontinuous. Curves 
like OAB can also be drawn for other values of T,/T. One such curve for T,/T = 5 is shown 


in Fig. 7.14. For this value of T,/T =5, load current is discontinuous for an operating point 
between straight line OB and curve marked (T,/T)=5 ; load current is continuous for an 
operating point between the curve marked (T,/T) = 5 and OCB. 


7.5.3. Computation of Extinction Time ¢, 


The expressions for load current obtained in Eqs. (7.10) to (7.16) apply only when load 
current is continuous. For T,, <¢ < T, the load current may become discontinuous due to large 
Tog The time t,, called extinction time and measured from the instant t = 0, Fig. 7.12 (b), can 


be calculated as under : 
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As t, is within the time limits of T,, <¢ <7, Eqs. (7.11) and (7.13) should only be used 
for computing ¢,. The value of J,,, needed in these equations should, however, be obtained 
from Eq. (7.12). Thus, in Eq. (7.12), Imp = 0 at t= ¢,, i.e. within T,, << T. This equation gives 


Tnx a8 : 


mx RB 
Substitution of this value of /,,, in Eq. (7.11) at ’ =t, - T,, gives i(t’) =0 as 


ose Ah ee TT] “ v4 l-e 74/7.) en e~ Tan Ty 
és El ~ 07s Ton Tales Tou Te = (V, = EYL — 7 T/T) 


ele Tale = “oe (0 -e a/™) 


This gives the extinction’ time ¢, as 


V.- 
te=T yy t Ta: mf + “a -e | wAT21) 


The average output voltage for the discontinuous current mode as shown in Fig. 7.11 (b) 


rae sE (1 er Mw/™) (7.20) 


or 


is given by . 
T t, ‘, r 
vo=4J, toatl v,-dt+ Jy 0-ae+J, ra’ 
T, 
=v, m+ Eas) 
t, 
or Vo=aV,+ ( - 7) evo ; wAT.22) 


7.5.4. Fourier Analysis of Output Voltage 

For continuous load current, the load voltage waveform vp ik as shown in Fig. 7.12 (a). 
This voltage waveform is periodic in nature and is independent of load circuit parameters. 
Voltage wave of Fig. 7.12 (a) can be resolved into Fourier series as 


%=Vo+> Un (7.28) 
n=l 


whpre v, = value of nth harmonic voltage 


- sin nz a -sin (n wt + 8,) «(7,.24) 


sin 2nn a __ 
1-cos 2an a 
The average value of output voltage V, can be controlled by varying the duty cycle a. The 
amplitude of the harmonic voltages, i.e. 2 V,/nn sin nz a, depends on n, the order of harmonic 
and also on the duty cycle a. The maximum value of nth harmonic occurs when 
sin nx a= 1 and its value is 
2V, 0.6366V, 
ae 


V,=aV,,a=T,,/T and 6, =tan? 


volts ...(7.25a) 
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p ; 2V, 0.45 V, 
anq its rms value is =—— volts .A7.25b) 
TnN2 n 


The harmonic current in the load is given by 
‘ gs 
in = Z. 
where Z, is the load impedance at harmonic frequency nf Hz and is given by 
: Z, = VR" + (nal) - 


v V, 
For negligible load resistance R, in= Ta or i, « —5 . This shows that harmonic current 
n 


decreases as n, the order of harmonic, increases. Another term used for knowing the harmonic 
content of a waveform, without calculating its harmonic components, is the ac ripple voltage 
V,. It is defined as 


. v,-W,- . AT.26) 
In the above equation, Veme and Vp are respectively the rms and average values of the 
output voltage. It is seen from Example 7.1 that 
=Vo V, from part (d) 


and Vo=aV, from part (a) 
V,= Va vi - ove =V, Vo- o (7.27) 


Ripple factor, defined as the ratio of ac ripple voltage to average voltage is given by 


V, 
ripple factor = Vo 


or RF=V,- are = ea \jice =Vi- 7.28) 


Example 7.6. (a) For an ideal type-A pee ais RLE load, show that the average 
input (or thyristor) current is given by 
oV,-E) Lb 
Tpav=——p~ ep Ems ~ Inn) 
(b) For the chopper of part (a), derive an expression for the average current in the 
freewheeling diode for a continuous load current. 
| (©) From parts (a) and (b), prove that Baa value of load current I,, is wee by 
Vo- 
= 
, Solution. For type-A chopper, the output voltage waveform v, and the waveforms for 
load current ip, input (or thyristor) current ip and freewheeling diode current iy, are as shown 


Tay = = 


in Fig. 7.15. 
(a) When chopper is on, the voltage equation for the chopper circuit of Fig. 7.6 (a) is 
r Rip+L E+E =V, 


di 
or Rip-dé+ Lt dt=(V,-B) dt. 


268 (Art. 7.5] ; . Power Electronics 


Yo 4 
Vg 
Tan J 
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linn | NAN 
eee 
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ee Fig. 7.15. Pertaining to Example 7.6. 
Its average value, Fig. 7.15, is : 


Baye ip dt+3 if* = 1 Brg Oe %=® ( at 
R leat Ben Ldip=(V,-B) @ 


or RI pay ¥ One ~ Inn) = Vs B) 0 


a(V,-E) L 


oF Ipav=— RQ ~ RP mz — Emad) (7.29) 


(b) When the freewheeling diode is conducting, load voltage is zero. The voltage equation, 
when FD is conducting, is given by 


Its average value, Fig. 7.15, is 
14”, 1” di 1/7 
RAS, ie aL Ein atk aly, dt =0 


Jann T-T.y 
or Relat J,” dige-E T or Rygt Z Om nL) = — EQ. - &) 
Lh Gnx—Inn) E (1-0) 
la=—Tr —“? (7.30) 
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(c) Average load current over a complete cycle can be obtained by adding Ip gy and I,, from 
Eqs: (7.29) and (7.30) respectively. 3 


OWT) Ly Ly _; )-£0=-% 
Jag Be Een) * Gop oP) = 


aV,-E Vo-E 
= at ae = aa - This is the required result. 
Example 7.7. For type-A chopper, feeding on RLE 
load, obtain maximum value of average current rating V, 
for the thyristor in case load current remains constant. 
Solution. For constant load current Zp, current ‘* 


waveform for thyristor current i; is as shown in Fig. 


7.16. Here >t 
5 V.-E i 
eS lo 
h=—R | 
The average thyristor current I; is given by t 
T,, Vo-E i 
Ip= lyr =— Ro ist 
aV,-E o? V,- 0 
_ sas] A731) : 
ae “ Fig. 7.16. Pertaining to Example 7.7 
This will give a maximum value when 
dip _20V,- E_ 0 
da R 
A E 
and from this, a= av, (7.32) 


Therefore maximum value of average thyristor current is obtained by substituting the 

value of & from Eq. (7.32) in Eq. (7.31). 
2 
| lame TR (a, YF) E’ Amps. 

Example 7.8. For type-A chopper circuit, source voltage V,=220V, chopping period 
T = 2000 us, on-period = 600 us, load circuit parameters : R=10,L=5mHand E=24V. 

(a) Find whether load current is continuous or not. 

(b) Calculate the value of average output current. 

(c) Compute the maximum and minimum values of steady state output current. 

(d) Sketch the time variations of gate signal i,, load voltage vo, load current ig, thyristor 
current iz, freewheeling diode current ig and voltage across thyristor vr. 

(e) Find rms values of the first, second and third harmonics of the load current. 

(f) Compute the average value of supply current. 

(g) Compute input power, the power absorbed by the load counter emf and the power loss 
in the resistor. 

(h) Compute rms value of load current using the results of (b) and (g). 

(i) Using results of (e), find the rms value of load current. Compare the result with that 
obtained in part (h). 
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portion. (a) T; ass 
5x10 _ 


From Eq. (7.19) ; o! =2.5 In [1+ 0.11 (e°* — 1)) = 0.13172 
As actual value of duty cycle o (= 0.3) is more than o’, load current is continuous. 


aV,-E _ 0,3 x 220-24 


6) Jy SOE = 08% 220-24 | 49 4 
oy 2201 -e7 9?) 14 
(c) From Eq. (7.14), Tnx = 1 Toe -F =51]46A 
0.12 
From Eq, (7.15), Inn = a 2)- 24-9900 A 
god 


(d) The various waveforms are sketched in Fig. 7.17. 


[3 L = 
t 
yf 
: 51.46 
33.031A7~ i | ( 
’ t is 
tat 
51.464 
in 
t 
vy 
220Vt--- 
, > 
' 0.6 20 2.6 40 t 


Fig. 7.17. Pertaining to Example 7.8. 


' 
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(e) From Eq. (7.24), rms gee of first harmonic voltage is 


V,= Fe sin (x x08) = 2220 sin 54° = 80.121 V 


6 
Here chopping frequency, f= 7 aa = 500 Hz 
Z, = VR? + (@L)” = VI" + (2x x 500 x 5 x 10°)” = 15.739762. 2 
Vi, 80.121 _ 
11= 7, = 75.739762 ~ °-0908 A 
ee 2x 220 
Similarl ° 
beard Feo da x in 108°) TBR TNORIT 
= 1.4983 A 
2x220 ,. 
Ty= Boyan Sim 162° a 500 XBX 10 
= 0.21643 A x 


(f) From Eq. (7.29), average supply current is 
1 2 0.3 (220 — 24) = 5x 10° (51.46 — 33.031) 
Lid 1 1x 2000 x 10 
= 58.8 — 46.0725 = 12.7275 A 


, g) Input power = V, x average supply current 
= 220 x 12.7275 = 2800.05 watts 
Power absorbed by load emf = E x average load current 


= 24 x 42 = 1008 watts 
Power loss in resistor R = 2800.05 — 1008 = 1792.05 W : 


(h) ; : Zima = VE, +H +h +h 
a, = ¥42? + 5.0903" + 1.4983” + 0.21643" = 42.31 A 
(i) Power loss in resistor = PR = 1792.05 W 


igs ay 7282.08 = 42,383 A 


The results obtained in parts (4) and (¢) are in complete agreement. 

Example 7.9. For type-A chopper, source voltage V,=220V, chopping frequency 
f= 500 Hz, T,, = 800 ps, R= 19,L=1mH and E=72V. 

(a) Find whether load current is continuous or not. 

(6) Calculate the values of average output voltage and average output current. 

(c) Compute the maximum and minimum values of steady state output current. 

(d) Sketch the time variations of gate signal i,, load current io, load voltage uo, thyristor 
current i. freewheeling diode current i;g and voltage across thyristor vy. 


Solution. Here T,= & =1x10°8 sec, 
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Ts fTo 


= 24 2 : 08 20 2 : inns” 
V, ~ 320 0.327 P 40 | tinms 


T, £ : 
Na aes =0.5,7-= =2, 
m 


to 


Tr. ‘ . 
a= “Bt =f: Toq = 500 x 800 x 10% = 0.4, 


Pon + 
T, =0.8 
(a) From Eq. (7.19), 
a’ = 0.5 In [1 + 0.327 (e? - 1)] = 0.564 
As. o is less than o’, load current is 
discontinuous 
(6) From Eq. (7.21), 
#,=800x10%+1x109 
In [2 + 2B 2 yg | ; | t t >t 
= 1.55708 x 10° sec ‘ | | 
From Eq. (7.22), 


Vo = 0.4 x 220+ 


~t 


2x10 


om 3 
1 = 1.55703 x 10 }" 
v 


= 103.95 volts. 


= 108.1572 _ 51.95. 


(c) As the load current is discontinuous, 
Tn = 0. The maximum value of current from Eq. Fig. 7.18. Pertaining to Example 7.9. 
(7.20) is 


Ip 


1 = 20-8 1-4) = 815A ‘ 


ms 


(d) The time variations of various waveforms are sketched in Fig. 7.18. 


Example 7.10. An RLE load is operating in a chopper circuit from a 500-volts dc source. 
For the load, L = 0.06 H and R = 0. For a duty cycle of 0.2, find the chopping frequency to limit 
the amplitude of load current excursion to 10 A. 


sbtution. The average output, or load, voltage is given by 
Vo=aVv, 
As the average value of voltage drop across L is zero, 
E=V,=aV,=0.2 x 500 = 100 Volts. 


During T,,, the difference in source voltage V, and load emf. E, i.e, (V, — E) appears across 


on? 


inductance L as shown in Fig. 7.19. 
-! During T,,, Volt-time area applied to inductance 
= (500 — 100) T,,, = 400 T,,, Volt-sec 
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= 


>t 


(a) (6) 
Fig. 7.19. Pertaining to Example 7.10. 


Also, during T,,, the current through L rises from I,,, toI,,,. From this, volt-time area 
across L during this current change is given by 


Ty Ton a Fas 
J, v,-at=J, LG at= J," L-di= Uns - mn) = LMT 


These two volt-time areas during T,,, must be equal. 


400 T,, =L+ Al 
or Ton = 9.0610 = 1.5 msec 
Th ‘ 1_@ 0.2 
us, chopping frequency, f= TT = Lsx10% = 133.33 Hz. 
on . 


Example 7.11. A series motor used for a rapid transit system is fed through a de chopper. 
The series motor has total circuit resistance of 2.Q and inductance of 2 mH. What external 
inductance should be inserted in series with the armature circuit in order to limit the per unit 
ripple in armature current to 10% for a duty cycle ratio of 0.5. The chopping frequency is 1 
kHz. 

Solution. From Eq. (7.18), per unit ripple in current is given by 

Tnx —Imn | (1-e OPT — eo (-a)T/T, 
V/R pee 


fet aoe Here a= 0.5 and pu ripple = p= Ol, Substitution of these in the above 


a 
expression gives 


eas a ae YY ety _a —e (1 — e7 8) _i- - 0.5% 
1-e* (d-e ™y1te ™) 1+e°™ 
or 0.1 = where y =e °* 
_ 09 _-ose 
ost Y= T10-° 


osx 1.10 _ ed be 
or en" =09 = 1.22222 or 2p = 0.40188 
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T= Y en 1 
2 0.40134 0.40134 f 
But f= 1000 Hz 
Pig as 
2" 0.40134 x 1000 
2 
0.40134 x 1000 


Therefore, external inductance that should be inserted for keeping the pu ripple within 
limits 


or L=RT,= = 4.983 mH 


1 
= 4.983 - 2 = 2.983 mH. 


7.6. THYRISTOR CHOPPER CIRCUITS 


So far a chopper has been shown as a switch inside a dotted rectangle. Actually, a chopper 
consists of main power semiconductor device together with their turn-on and turn-off 
mechanisms. In low-power chopper circuits ; power transistors, GTOs etc. are being used 
widely. In high-power levels, however, thyristors are in common use. The object of this section 
is to study the thyristor chopper circuits along with their commutation circuitry. 


The process of opening, or turning-off, a conducting thyristor is called commutation. In 
dc choppers, it is essential to provide a separate commutation circuitry to commutate the 
main power SCR. It may be recalled that a conducting thyristor can be turned off by reducing 
its anode current below holding current value and then applying a reverse voltage across the 
device to enable it to regain its forward blocking capability. There are several ways of 
turning-off of a thyristor. All these methods differ from one another in the manner in which 
commutation is achieved. In de choppers, commutation circuitry has passed through 
numerous innovations. All these commutation circuits can, however, be broadly classified into 
two groups as under : 

(a) Forced Commutation. In forced commutation, external elements L and C which do 
not carry the load current continuously, are used to turn-off a conducting thyristor. Forced 
commutation can be achieved in the following two ways : 

(i) Voltage commutation. In this scheme, a conducting thyristor is commutated by the. 
application of a pulse of large reverse voltage. This reverse voltage is usually applied by 
switching a previously charged capacitor. The sudden application. of reverse voltage across 
the conducting thyristor reduces the anode current to zero rapidly. Then the presence of 
reverse voltage across the SCR aids in the completion of its turn-off process (i.e. aids in gaining 
the forward blocking capability of SCR). 


Gi) Current Commutation. In this scheme, an external pulse of current greater than 
the load current is passed in the reversed direction through the conducting SCR. When the 
current pulse attains a value equal to the load current, net pulse current through thyristor 
becomes zero and the device is turned off. The current pulse is usually generated by an 
initially charged capacitor. ; 

An important feature of current commutation is the connection of a diode in antiparallel 
with the main thyristor so that voltage drop across the diode reverse biases the main SCR. 
Since this voltage drop is of the order of 1 volt, the commutation time in current commutation 
is more as compared to that in voltage commutation. 


In both voltage and current commutation schemes, commutation is initiated by gating an 
auxiliary SCR. 
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1 (6) Load Commutation. In load commutation, a conducting thyristor-is turned off when 
load current flowing through a thyristor either 


(i) becomes zero due to the nature of load circuit parameters or 
(ii) is transferred to another device from the conducting thyristor. 


Only three commutation principles listed above are described in what follows though 
there are numerous other commutation schemes. Chopper circuits with type-A configuration 
are only studied in this section. For understanding the performance of voltage and current 
commutated chopper circuits, Example 7.12 should be studied carefully, 


Example 7,12. In the circuit shown in Fig. 7.20 (a), capacitor C is initially charged to a 
voltage V,. If the switch S is closed at t = 0, obtain an expression for current i (t). Sketch time 
variation of voltage across capacitor and inductor and of the current i (t). Indicate also the 
flow of energy handled by L and C. 


In case L = 1.6 mH and C = 4uF, find the time for which current i (t) flows in the circuit 
of Fig. 7.20 (a). 


Solution. When the switch S is closed, KVL for the circuit is 
4%O 1a ye 
L dt +3 Jiwat 0 


, Its Laplace transformis sLI(s) + ye - a =0 


~, it) 


+ a) 
c L 


(a) (6) 
Fig. 7.20 (a) Circuit for Example 7.12 and (6) time variations of i(¢), v, and uz 


Here negative sign before CV,/s is used because current i (f) leaves the positive terminal 
of C and enter its negative terminal when switch S is closed. 


css ot 
Energy [c->tcv2 ) 5ONe 
flow 11 9 $uy ) 


Iie) = 8 1 Yo, W/VEE 
Ls+istC L ie [s* + (NEC) 


V, Qo as 
or 18)" Or ies a R= Ee 
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: ‘ oh VG, ek a te 
js Laplace inverse gives i(t) = aaD SiN Wy t (7.33) 
: lf. 1 Vol. 

Now ‘ vg fimdt=%-oF Jain Opt - dt 

Vo Wot = — Vo cos Wot (7.34) 

ae COS Wot = — Vo co! wAhT 
; web May: a 
Here olC=1 
ditt vi 

Also yb eL. t (COS Wot) - Mp = Vo COS Wot A735) 


The time variation of i(¢), v, and v, obtained from Eqs. (7.33) to (7.35) is shown in Fig. 
7,20 (b), When i(t) =I,,, v, = vz, = 0, When i (¢) becomes zero at wot = n, further conduction stops 
because diode can’t conduct in the reversed direction. Therefore, at Wot =x, capacitor is 
charged to a voltage V, but with reversed polarity. 


When switch S is closed, voltage across L at once becomes Vo, its value is zero at 
Wot = 7/2 and — Vp at Wot =n. As current i (¢) reduces to zero at Wot = 1, vy finally reduces to 
zero as shown. 

The flow of energy in C and L is also shown in Fig. 7.20 (b). At @ot = 0, capacitor has 
stored energy equal to W,=1CVj, at wot = 1/2, W,=0 and at wo! =n, W.=3 CV again. The 
flow of energy in L is also indicated in Fig. 7.20 (b). 


7.6.1. Voltage-Commutated Chopper 

One of the earliest chopper circuits which has been in wide use is the voltage-commutated 
chopper. This chopper is generally used in high-power circuits where load fluctuation is not 
very large. This chopper is also known as parallel-capacitor turn-off chopper, 
impulse-commutated chopper or classical chopper. Fig. 7.21 gives the power circuit diagram 
for this type of chopper. In this diagram, thyristor T1 is the main power switch. Commutation 
circuitry for this chopper is made up of an auxiliary thyristor TA, capacitor C, diode D and 
inductor L. FD is the freewheeling diode connected across the RLE type load. 


Working of this chopper can start only if 
the capacitor C is charged with polarities as 
marked in Fig. 7.21. This can be achieved in 
one, of the two ways as under : 

ko Close switch S so that capacitor gets 
charged to voltage V, through source 
V,, C, S and charging resistor Rp. Switch S 
is then opened. 

(ii) Auxiliary thyristor TA is triggered so 
that C gets charged through source V,, C, TA 
and the load. The charging current through 
capacitor C decays and as it reaches zero, 
v,=V, and TA is turned off. 


With capacitor C charged with the 
polarities as shown in Fig. 7.21, the chopper 
circuit is ready for operation. The current Fig. 7.21. Voltage-commutated chopper. 
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i,, ip, yg and ig are taken as positive in the arrow directions marked. Similarly, the voltages 
Ue, Ugh, Ura, and vg across C, T1, TA and load are taken as positive with the polarities marked. 

implifying assumptions for this chopper are (i) load current is constant and (ii) thyristors 
and diodes are ideal elements. The chopper saad for convenience, is divided into certain 
modes and is explained as under : : 

Mode I. The main thyristor is ‘iiagersd at t=Qand RLE load-gets connected across 
source V, so that load voltage py = V,. During this mode, there are two current paths as shown 
in Fig. 7.22 (a). Load current J, constitute one path and commutation current i, the other 
path. Load current J, flows through source V,, main thyristor T1 and load whereas the current 
i, flows through the oscillatory circuit formed by C,7,,L and D. The capacitor (or 
commutation) current first rises from zero to a maximum value when voltage across C is zero 
at t=t,/2. As i, decreases to zero, capacitor is charged to voltage (— V,) as shown at. f = ¢, in 
Fig. 7.23, see Example 7.12. The capacitor current changes sinusoidally whereas the capacitor 
voltage cosinusoidally from ¢ = 0 tot =t,. This voltage is held constant at (- V,) by diode D. 
Voltage across TA is (- V,) at = 0, zero at ¢,/2 and V, at ¢,, this variation is shown as cosine 
wave in Fig. 7.23. The thyristor current ip; has a peak at t,/2, because ip, =ic + Jy between 
t=O andt=t,. At the end of mode J, ie. at t,; ig =0, ig, =Ip, 0. =- Vy, Ura = Vy, U9 = V, as 
shown in Fig. 7.23. 

Mode II. The conditions existing at ¢, continue during mode II. In other words, for 
ty St < ty, i, =0, ip, = 1p, U, = Vy U4 = Vey U9 = V,, ip = 0 as shown. Note that during this mode, 
only main SCR T1 is conducting. 

Mode III. When main thyristor T1 is to be turned off, auxiliary thyristor TA is triggered 
at the desired instant ¢,. With the turning on of TA at ¢), capacitor voltage (— V,) appears 

. across T1, it is therefore reverse biased and turned off. As the capacitor voltage does the 


Pes EP | 
fe — T Te 7 flo 
1 Ve==C 
ee 
‘ 

Vg ° 3) 
i Oo Oe 

H . ' 

|= to |- 

o 


- 1 
o > ? 
+ he + yah * 
V, ==C ‘ 
‘ 5 TA ° 
t if 

Vs | pe RB) Yo=0 

Le oI . | 

D L | 

t be ae ee 

{c) Mode III, to St < tg {6) Mode 1V. (y2¢.< T 


Fig. 7.22. Different modes of voltage-commutated chepper. 


278 {Art. 7.6] Power Electronics 


required job of commutating the main thyristor T1, it is called voltage commutated chopper. 
Current ip, becomes zero at t, After T1l-is turned off, capacitor C and auxiliary SCR'TA 


provided the path for load current J) through V,, C, TA and the load, see Fig. 7.22 (c). The 
load voltage is the sum of source voltage and the voltage across capacitor. Therefore, at instant 
t, load voltage is v9 = V, + V, = 2V, and it decreases linearly as the voltage across capacitor 
decreases. During this mode, v,=v7,, because capacitor is directly connected across T, 
through TA. As the capacitor discharges through the load, v, and v7, change from (- V,) to 
zero at (tg+t,). Load voltage ug changes from 2V, at t to V, at (t,+¢#,). After 
(to + ¢,), v, and vp, start rising from zero towards V, whereas ug starts falling towards zero. 
For mode II, t,$t<tz. Note that v, and vy, change linearly’ from (- V,) at t, to V, at ts, 
because load current J) is assumed constant. Similarly vp changes linearly from 2V, at t, to 
zero at ts, 

Mode IV. For this mode, t3<t<T. Atty, v, =U7, = V,, V9 = 0,i, or iz4 becomes zero and TA 
is therefore turned off naturally. As capacitor is slightly overcharged at ¢3, freewheeling diode 
FD gets forward biased. The load current after t, freewheels through the load and FD, see 
Fig. 7.22 (d). Note that during freewheeling period from ft, to 7, vz, is slightly negative as 
C is’ somewhat overcharged. During this mode, i, = 0, ip, = 0, i¢g =p, Ur = Ve... = V, + AV, 
Ugg =~ AV, Ug = 0, ign = 0. 

At t=, the main thyristor T1 is triggered and the cycle as described from t=0 tot=T 
repeats. 

Voltage commutated chopper is simple, it has therefore been used extensively. It, however, 
suffers from the following disadvantages. 

(i) A starting circuit is required. 4 

(ii) Load voltage at once rises to 2V, at the instant commutation of main SCR is initiated. 
Freewheeling diode is therefore subjected to twice the supply voltage. 

(iii) It'‘can’t work at no load. It is because at no load, capacitor would not get charged 
from — V, to V, when auxiliary SCR is triggered for commutating the main SCR. 

Design Considerations. The values of commutating components C andL can be 
obtained as under : 

Commutating Capacitor C. Its value depends upon the turn-off time ¢, of the main 
thyristor.T1. During the time ¢,, capacitor voltage changes linearly from (— V,) to zero, mode 
Ill, Fig. 7.23. It is known that 


dv 
i,=C a 
For a constant load current I), the above relation can be written as 
V, te Ip 
I,=C z or C= v; 


The commutation circuit turn-off time t, must be greater than the thyristor turn-off time 
t,. Let t,=t, + At. 


*In the relation i = C(dv/d2), if i is constant, C is already constant, then dv/dt must be constant. 
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Fig. 7.23. Current and voltage waveforms for voltage-commutated chopper. 
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mn 
_ Gt, + At) Ty i 
C= a a (7.36) 
Commutating inductor L. It can be designed from a consideration of the oscillatory 
current established when main thyristor T1 is turned-on. The current i,, when T1 is triggered, 
flows through the ringing circuit formed by C, Ti, L, D and is given by 


Pen eee 1 
i,= aE sin wot where = Te 


F V. c 
The peak capacitor current I,, ar a V, : L 


This current flows through T1 when it is turned-on. As T1 handles load current as well 
as lip, peak capacitor current should not be too large. It is usual to take Ty less than, or equal 


to, load current Ip, i.e. 


or L2|+|¢c A737) 


The second method of designing the value of ZL is from a consideration of the circuit 
turn-off time for auxiliary thyristor TA. It is seen from time-variation of vz, in Fig. 7.23 that 


turn-off time for TA is t,, and it is given by 


t 
ta =3 
But wot, =" or teen ILC 
0 
ta =$ VEC (7,38) 
2 
2t, 
or -( 2) 5 (7.39) 


Peak current through T1 is given by 


imp =Iy+ V,- VE 7.40) 


Peak voltage across T1 and TA is vp,, = Uz4, =+ V, 


Peak current through TA is iz,, = o =I, (7,42) 
Peak voltage across freewheeling diode, 
Veap = 2 V, (7.48) 
Peak diode current, tp =V, Ve (TAA) 
= peak capacitor current. 


Important features of voltage-commutated chopper. (i) Fig. 7.23 reveals that load 
voltage is V, from ¢ = 0 to t, and it varies from 2V, at t, to zero at Z5. Therefore average load 


voltage Vp is given by 


.(7.41) 
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(As to = Ton) 


(7.45) 


...(7.45a) 


Choppers 
5 V, «ty + 2V, (ty -t(1/2)_V, 
we ys os 2) DE P+ at 
During the interval (t, - t), the voltage across C changes from - V, to V,, i.e. total change 
is 2V,. : 
peo” : 2cv, 
oO aD or t3-fy= To 
’ V, 2V, V, 
oe 
2V, . : 
where Ton = Ton + zs C = effective on period 
0 


Eq. (7.45) shows that effective on period of this chopper is more than the period T,, and 


is load dependent. Greater the ioad, less is the effective on period. As average load voltage 
V, is dependent on Ip, drooping load characteristics are obtained for this chopper. 


(ii) Charge on capacitor must be reversed from + V, to-V, when T1 is turned on 


Therefore minimum on-period for this chopper is 


t= 2 envVie 
@ 
. t 
Minimm duty cycle, Onn = 7 =nf VLC 


2V, - 2t 
Minimum load voltage, — Vo mn = Gmn* Ve+ —<T 


= V, (Gyan + 2ft,) = Vz Inf VEC + 2ft,] 


Vomn =f: V, (ty + 2t,] 


--(7.46a)— 


(7.466) 


Maximum on period is (7 — 2t,). This gives maximum value of duty cycle as 


T -2t, 
One = Fre = (1-2) 
Maximum load or output voltage Vom, is given by 
QV, - 2t, 


Vena One Vet gp = Vy ine + 2] 


Substituting the value of «,,, gives 
Voms = V, (1 2ft + 2ft,l = Vs 


«ATAT) 


(iii) If main thyristor T1 fails to turn off when TA is triggered, C is completely discharged. 
The commutation, therefore, cannot be resumed in the next cycle and therefore control lost 


must be regained by turning off T1 by interrupting the supply. 


(iv) The circuit cannot be operated at no load. 


Example 7.13. A voltage-commutated chopper feeds power to a battery-power electric car. 
The battery voltage is 60 V, starting current is 60 A and thyristor turn-off time is 20 usec. 
Calculate the values of the commutating capacitor C and the commutating inductor L. 


we 
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Solution. Let circuit turn-off time ¢, = 1, + At = 20+ 20 = 40 us for reliable turn-off of T1 
ang TA. In Eqs. (7.36) and (7:37), Jy is the maximum load current that the commutation 
circuitry must be able to commutate. : 
40x 60x 10° | 


-. From Eq. (7.36), ° C= 60 40 uF 
60y 
From Eq. (7.37), | b2 (&) x 40 x 10% = 40 nH 
2x 40x 10° y 1 
From Eq. (7.39), L=|--—=——| x —— = 16.21 pH 
Rae ) x ] 40x 10° 2 


As per Eq. (7.37), value of L should be equal to, or more than 40 HH, but Eq. (7.39) gives 
L = 16.21 pH. Low value of L increases the peak value of capacitor current, see Eq. (7.44). So 
higher value of L = 40 pH should be chosen. 


Example 7.14, A voltage commutated chopper 
is shown in Fig. 7.24. With the main thyristor T1 
conducting, the capacitor C is charged to a source 
voltage V, with the polarities as marked, 


Now, after the auxiliary thyristor TA is turned 
on, the main SCR remains reverse biased for 100 
microseconds. Calculate the value of the 
commutating component C. 

Find also the value of commutating component 


L in case maximum permissible current through 
the main SCR is Fig. 7.24. Pertaining to Example 7.14. 


(a) 2.5 times the load current and 

(0) 1.5 times the peak diode current. 

Solution. When auxiliary SCR TA is turned on, capacitor voltage V, at once appears 
across main thyristor TZ and it is therefore turned off. After it, the load current completes 
its path through source V,, C, TA and the load. The voltage equation for this circuit is 


iR+ZJidt=V, or RE +Zav, wi) 


Laplace transform of above equation gives 
V, 
Rls Qe) + CV) +5 Qe) =— 


After TA is turned on, capacitor voltage aids the current or capacitor C begins to 
discharge. Therefore the above equation in s domain becomes 


y 


Ris Q(s) +CV,) +206) = But Q(6)=C- Vis) 


V, 
* Ris - CV, ()+CV,1 + Vis) = or V.(s)[RsC + 1] -¥!-Rev, 
r ¥, V, 
or "0" hogs] Ty 
RsC\s+35| s+a5 


RC RC 
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Partial fraction expansion of the first term of above expression gives 


| ae vy Vv | Ye vv, 
st 1 | ss 18 sant 
RC RC RC 
Its Laplace inverse is v,(t) = V, [1- 2et/FO| : 
When TA is turned on, v, = up, = V, [1- Qe" @/ROY (7.48) 


Eq. (i) given above can also be solved as under : 
Eq. (i) can be re-written as 


[re+Z anv. where pat 
PI. Its particular integral is obtained from 44 =V, 
qp1,.=CV, 
C.F Its complemntary function is obtained from [* + ze =0. 
Yor. = Ae™ 
where p is obtained from Rp + 1 =0. This gives p =- a 
” ger = Ae 7° 


‘Therefore, att) =4p1,+9er = CV, +A 


At t=0,q=-CV,. Here minus sign is used before CV, ; it is because charging current 
loaves the positive terminal of C and enters its negative terminal. 
‘=CV,=CV,+A or A=-2CV, 


This gives git) = CV, - 2CV, 7 “FE 
=CV, (1-2) ; (7.48) 
When V7, reduces to zero after 100 psec, thyristor T1 is turned off. Thus from Eq. (7.48), 
Up = 0 = V, {1 — 2e° “RO 


100 x 10° 


or e Wlus 


or C = 14.427 pF 


(a) Here load current, h== 


Maximum permissible current through the main epae from Eq. (7.40) is 


ipy = RUNG =2.5 78 or v. VE =15% 


or => 3 CH= => £ (14. 427)(10) = 641.2 uH. 
(6) Peak diode current, from Eq. rain is 


t ip,=V, ve 
is Vv, v,Vé 
15V, =inp= Rt. c 
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2 = 6 
i pach aaar 10° 100 _ 360,68 ul. 


Example 7.15. A voltage-commutated chopper has the following parameters : 
V, = 220 V, load circuit parameters = 0.5 2, 2 mH, 40V 
Commutation circuit parameters : 
L = 20 nH, and C=50 pF 
T ,, = 800 usec, T = 2000 1s. 
For a constant load current of 80 A, compute the following : 
(a) Effective on period. 
(b) Peak currents through main thyristor T1 and auxiliary thyristor TA. 
(c) Turn-off times for T1 and TA. 
(d) Total commutation interval. 
{e) Capacitor voltage 150 1s after TA is triggered. 
(f) Time needed to recharge the capacitor to voltage V,. 


Solution. (a) From Eq. (7.45), effective-on period 


“Tat Ce 800 x 10° 6 + 2% 220 


x 50x 107° = 1075 us. 


0), From Eq. (7.40), ip), = 80 + 220 = =427.85A 


Since load current is given as constant at 80 A, peak current through TA is 80 A. 
(c) From Eq. (7.36), turn-off time for pe is 


: = i 80 
Turn-off time for ea TA, from Eq. (7.38), is 
t= 5 VLC = 5 V20x 50 x 107% 


= en i 
(d) Total commutation interval 
=2t,=2x 187.5 = 275 ps 


(e) Capacitor voltage before TA is triggered is equal to (— V,). After TA is triggered, 
capacitor begins to charge from (- V,). Therefore, capacitor voltage, after TA is triggered, is 
given by 

Iy:t 


v, =a —¥, 


where ¢ = time measured from the instant TA is triggered 
aos 
= 80 x 150 x10" _ 220 
50 x 10 
=20V 
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(@) Mode I, t) <t <tg 


DI iptste-I, 


(c) Mode III, ts <t < ty (@) Mode IV, tg <t<tg (e) Mode V, ts <t <tg: 
Fig. 7.26. Various modes of current-commutated chopper. 
Uo at t," Att, v,=V,, therefore load voltage v)=V,-V,=0Oatt,; During the interval 
(ts - ¢4), v, increases linearly, therefore load voltage vo decreases to zero linearly during this 
interval. 

Mode V. At ¢,, capacitor C is actually overcharged to a voltage somewhat more than 
source voltage V,. Therefore, FD gets forward biased and starts to conduct load current I, at 
t,. Load voltage up is reduced to zero at t, as stated in mode IV. As i, is not zero at t;, the 
capacitor C is still connected to load through source V,, C, L and D2 ; as a consequence C is 
overcharged by the transfer of energy from L toC. At t,i,=0andv, becomes more than 
source voltage V, During (¢, — ts), i, + ij =I. With the build up of i;,, i, decays and finally at 
ts, i,=0 and i,,=I). Commutation process is completed at t, Total turn-off time, or 
commutation interval, is (f,—%,). : 

At t,, vu, is shown as equal to xy. As D2 is turned off at tg, v, = vy, = voltage xy at ts, Fig. 
7.27. 

From t, onwards, i, freewheels through FD. As i, is zero and D2 is open circuited ; C now 
discharges through R, for the freewheeling interval of the chopper. After ¢;, vr, remains 
constant at V,, because V, reaches T1 terminals through FD. At t= 7, the main SCR T1 is 
again triggered and the cycle repeats. 
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Fig. 7.27. Current and voltage waveforms for current-commutated chopper. 


This chopper, developed by Hitachi Electric Co., Japan, is widely used in traction cars. 
The merits of this chopper are as under : 
: @) Commutation is reliable so long as the load current is less than the pak commutating 


current I.) 


(ii) Capacitor is always charged with the correct polarity. 
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if Time needed to recharge the capacitor from (- V,) to V, is given by 


(Total change in voltage) (Capacitance) 
Load current 
_W,-CVJIC_2V,-C . 2x 22050 
v Ty “Ty 80 
Example 7.16. An impulse-commutated chopper feeds inductive load requiring a constant 
current of 260 A. The source voltage is 220 V de and the chopping frequency is 400 Hz. Turn-off 
time for main thrystor is 18 us. Peak current through main thyristor is limited to 1.8 times 
the constant load current. Taking a factor of safety 2 for the main thyristor, calculate the values 
of (a) commutating components C and L and (b) the minimum and maximum output voltage. 


Solution. (a) Load current J, = 260 A, V, = 220 V. 
For a factor of safety 2, the commutation circuit turn-off time for main thyristor 
t, = 2x 18 = 36 ys. 


; -6 
From Eq. (7.36), C= 38x 102260 = 42.545 uF 


Peak current through main thyristor, from Eg. (7.4), is 


ee 18l=1p+V, VE or 220-E =08xIp 


2 
220 d 
=| Sex 260 | %42-545= 47.596 HH. 


‘(b) From Eq. (7.46a), minimum value of duty cycle is 
Omn = MEVEC = x x 400 V42.545 x 47.596 x 10” ° = 0.0565, 
Minimum value of output voltage, from Eq. (7.466), is 
Vomn = Vs mn + 2ft.) 
= 220 (0.0565 + 2 x 400 x 36 x 10 *) = 18.766 V 
Maximum value of output voltage is Vp ,,, = 220 V. 


= 275 ps. 


s L 


7.6.2, Current-Commutated Chopper 

The power-circuit diagram for current-commutated chopper is shown in Fig. 7.25. In this 
diagram, T1 is the main thyristor. The other 
components, namely, auxiliary thyristor TA, 
capacitor C, inductor L, diodes D1 and D2 constitute 
commutation circuitry. FD is the freewheeling diode 
and R, is the charging resistor. 


Simplifying assumptions for the chopper are as 
follows : 

() Load current is constant. 

(i) SCRs and diodes are ideal switches. 

(ii) Charging resistor R, is so large that it can 
be treated as open circuit during the commutation 
interval. 


Fig. 7.25. Current-commutated chopper. 
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| Currents ¢,, iz, ig and ig are treated as positive when these are in the arrow directions 
mfrked. Similarly, voltages u,, v7, v4 and vg are taken as positive with the polarities as 
marked in Fig. 7.25. * 

Like voltage-commutated chopper, energy for current-commutation comes from the 
energy stored in a capacitor. Therefore, first of all, capacitor C is charged to a voltage V, so 


that energy for commutation process is available. Capacitor C in Fig. 7.25 is charged through 
source V,, capacitor C and the charging resistor R, to a voltage V,. After this, main thyristor 
T1 is fired att =0 so that load voltage ug =V, and load current i, = J, as shown in Fig. 7.27 
up to ¢=¢,. With the turning on of T1, commutation circuitry remains inactive. Initiation of 
commutation process begins with the turning-on of thyristor TA. The commutation process 
for its easy grasp is divided into various modes as follows : 

Mode I. At time ¢ = ¢), auxiliary thyristor TA is triggered to commutate main thyristor 


V, 
T1. With the turning-on of TA, an oscillatory current i, = —* sin ot [Eq. (7.33)] is set up in 
’ , ek 


the circuit consisting of C, TA and L as shown in Fig. 7.26 (a). For the time interval 
(t, -¢}), , and v, vary sinusoidally through half cycle, Fig. 7.27. During this mode when u, is 
zero, i, is maximum though negative. At tp as i, tends to reverse in the auxiliary thyristor 
TA, it gets naturally commutated. At ta, v, = — V, as shown in Fig. 7.27 ; ie. in Fig. 7.25, lower 
plate is positive and upper plate is negative. During this mode T1 remains uneffected, 
therefore load current and load voltage remain I, and V, respectively, 

Mode II. As TA is turned off at t,, oscillatory current i, begins to flow through C, L, D2 
and T1 as shown in Fig. 7.26 (6). Note that after t,, i, would flow through T1 and not through 


D1. It is because D1 is reverse biased by a small voltage drop across conducting thyristor T1. 
So after t2, i, would pass through T1 and not through D1. 


In thyristor T1, i, is in opposition to load current ig so that ip, = Iy~i,. Note that ig, is in 
the forward direction through T1. At tg, i, rises to Jp so that ip, = 0 ; as a result main SCR T1 
is turned off at ts. Since the oscillatory current through T1 turns it off, it is called 
current-commutated chopper. 

During this mode, load voltage remains V, through T1. For this mode, t, <t < ts. 

Mode III. As T1 is turned off at t;, i, becomes more than Jo. After ts,i, supplies load 
current J, and the excess current ip, =i, — Jy is conducted through diode D1 as shown in Fig. 
7.26 (c) and 7.27. The voltage drop in D1 due to (i,—J)) keeps T1 reverse biased for 
(tq | ts) =f, ; this is shown in the waveform for vp, At t,, in case u, exceeds V,, FD comes into 
conduction, otherwise mode IV would follow. During mode III, when i, is at its peak value of 
I, [ wr v, = 0. After this peak, capacitor voltage reverses and at ¢,, upper plate is positive 
lower plate is negative in Fig. 7.25. 

Mode IV. At ¢,,, reduces to Ig, as a result ip, = 0 and diode D1 is therefore turned off. 
After t,, a constant current equal to J, flows through source V,, C, L, D2 and load and therefore 
capacitor C is charged linearly to source voltage V, at ts, Fig. 7.26 (d). So during the time 
(ts — £4), ig = Ip. 

As D1 is turned off at t,, v, = v7, ; this is shown as ad in Fig. 7.27 for both v, and v7. Now 
the load voltage vp = V, — vu, = V, — voltage ab at t,. This is also marked in the waveform for 


an 
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(iii) Auxiliary thyristor TA is naturally commutated as its commutating current passes 
thrgugh zero value in the ringing circuit formed by L and C. 


Design considerations. The value of the commutating components Land C should be 
so calculated that a reliable commutation is realized for this chopper. The conditions 
governing the design of L and C are as under : a 

(i) The peak commutating current J,, must be more than the maximum possible load 
current Jo. This is essential for reliable commutation of main SCR. From Eq. (7.33), the 
oscillating current in the commutation circuit is given by 


in=V, vE sin Wot = I,, sin Wy t 


As per the design requirement, 


m fe 
I,=V, L >Ip 
al c 
or V, NF =xIy (7.49) 


where x is greater than 1 and it varies from 1.4 to 3, ie. 1.4<x <3] is the maximum possible 
load current that the commutating circuit has to handle. 
I 
=-2. 
cae F J os 
(ii) Circuit turn-off time t, must be greater than thyrifter turn-off time for the main SCR. 
That is t, =¢, + At. It is seen from the current waveform i, in Fig. 7.27 that 
t,=ty—tg 
or Mot, =m — 2 0, 
Also Ip 8in 8, =I 


- Ig -1fi 
-emn7) Pat | ~ 
or 6, =sin [it}- sin ( ) 


.. Circuit turn-off time for main SCR, 
pl 
f=, 28) ..(7,50 @) 


I 
ten A [nase (i «(7,50 B) 
@ Tp ' 


The above relation reveals that as load current J) increases, turn-off time of main thyristor 
decreases. Thus for ensuring necessary turn-off time ¢,, a certain value of ratio (Ig/I,,) must 
be maintained. From above, 

t,=[n-2sin™! (1/x)WEC AT.5L) 
t 
or ¥¢ =-——_—___2——_= 
[n-2sin! Q/xVE- 
" Substitution of this value of VC in Eq. (7.49) gives 
Vz te 


ee ee 
L in—2sin™ (1/2)] me 
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V, +t 
L=———+_0___ AT52 
of -x1Ip[n-2sin™} (1/x)} ( : 
a eee eee yee 
From Eq. (7.51), VE 77, 2 sin 2) VE 
Substituting this value of VZ in the Eq. (7.49) gives 
Y, es 
xIy= re (n-2sin™ (1/x)] C 
c 


C= xI,-t, 
V, [x -2 sin" (1/x)] 


Total commutation interval. The total turn-off time, or the commutation interval, is 
(tg —t)), Fig. 7.27. It can be expressed as a sum of the following components : 


be —t1 = (L ~ £3) + (4 — te) + (ty ~ ty) + (tg — ty). 


The above four time-components of (tg ~t) can be obtained as under : 


(7.53) 


or 


(#2 — 4): During (t -¢,), waveform of current i, , oscillating at frequency @o, completes 
one negative half cycle of x radians, Fig. 7.27. 
(tg — t)) = time period of half-cycle of oscillating current 


== =m. AT.54, 
= (7.54) 


(£4 —t,): For (¢,-t,), sine current waveform of i, is examined. At to, i,=0 and at ty i 
attains a value J, after passing through its peak, Fig. 7.27. Angle covered by i, from ty to ty 
is equal to (n- 6) radians and as @) is the angular frequency for i,, (ty - tp) is given hy 
n- 0, 
ao o 

(ts — #4) : The time (¢; ~ t,) can be obtained from voltage considerations across C at t, and 
at ts. 


(ty tg) = (n-0,) VLC + (7,55) 


Voltage across C at t,=ab= v, at t, As this voltage at the instant t, is (90 -0,)° away 
from zero crossing of the sine wave, ab = V, sin (90 - @,). 


Voltage across C at t; = V, 
“. Increase in voltage across C during (ts - t4) = V, - V, sin (90 - @,) 


We know that i=C _ As I, is constant, 


dt 
V, ~ V, sin (90 - @,) 
ae ay ne 
1~sin (90-6. 1~ cos 6 
or (tpt) = CV, OO OD _ Gy, 1-008 8, AT.) 
Jy Io 


(tg — ty : During (¢, - ¢,), current i, is assumed to be J, cos @pt. As (tg - ts) is equal to one 
quarter cycle (x/2 rad.) of a sine wave, 


(tg-t,)=4 = aNEC AT5D 
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'' Addition of Eqs. (7.54) to (7.57) gives ‘ 
(tg ~ t,) = total commutation weit 


— cos 6; 
-($-2} 6 +cv, .(7.58a) 
2 
0,/2 
=(2-0, |\Ec +2cv, sue (7586 ) 
0 


Turn-off times. For main SCR, turn-off time from Eq. (7.51) is 
t,-t,=t,=(m-20,) VEC 
={(xn-2sin? (1/x)] NIC. 
Turn-off time for auxiliary thyristor, from Eq. (7.55), is 
ty —ty =t,) = (4m — O)) VLC = (n- sin(1/x)] VLC 
Peak capacitor voltage. Waveform of uv, in Fig. 7.27 reveals that maximum capacitor 
voltage xy is reached at tg. 
. Voltage at t, = V,, = voltage at t, + voltage rise due to the energy transferred from L to 
Cc during (tg — ts). 
At t;, energy in L is} LE, and at ¢,, this entire energy is transferred to C. Thus the voltage 
rise of C due to this irenkior of energy - 


zove= Fe 
or’ V, =I Ve 
Veg =V, + To fz : 17.59) 


The values of I,, and V,, are also the peak ratings of the thyristors T1 and TA. 
The value of charging resistor R, is usually taken such that the periodic time T 2 3CR,. 


Example 7.17. (a) For a current commutated chopper, peak commutating current is twice 
the maximum possible load current. The source voltage is 230 V de and main SCR turn-off 
time is 30 sec. For a maximum load current of 200 A, calculate 

(i) the values of the commutating inductor and capacitor, 

(ii) maximum capacitor voltage and 

(iii) the peak commutating current. 

(b) Repeat part (a), in case peak commutating current is thrice the maximum possible load 
current. 

Compare the results obtained in parts (a) and (b). 


Solution. (a) Here x=2, t,=30 psec 
t.=t, +At. 
Taking At = 30 usec, ¢, = (30 + 30) psec = 60 sec 


___230x 60x 10° 

2x 200 [n-2sin’* ()] 
-6 

= 2X 200 x 60% 10° _ 49 599 uP 

230 {xn - 2 sin” * ()] 


(i) From Eq. (7.52), = 16.473 pH 


From Eq. (7.53), 
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(it) From Eq. (7.59), peak. capacitor voltage is 


i : 7 P [16.473 
»— Vip= 280 + 200 VJ 7555 = 345 volts. 


(iii) Peak commutating current, 
Tp =x 1p = 2 x 200 = 400 A. 
{b) (i) Here » x= 3, 
____ 230 x 60 x 10°§ 
© 8x 200 [n-2sin7? @)) 
C= 3200 x 60x 10°* 
230 [n-2sin’* 
(ii) Peak capacitor voltage, 


= 9.342 pH 


= 63.577 uF 


9.342 
63.577 


Yep = 230 + 200 = 306.67 V. 


(iii) Peak commutating current, 
T,, =3 x 200 = 600 A. 
It is seen from above that with the increase of x, L is reduced while C is increased, peak 
capacitor voltage is reduced but peak commutating current is increased. 


Example 7.18. A current commutated chopper is fed from a de source of 230 V. Its 
commutating components are L = 20 uH and C =50 uF. If load current of 200 A is assumed 
constant during the commutation process, then compute the following : 

(a) Turn-off time of main thyristor. 

(b) Total commutation interval. 

(c) Turn-off time of auxiliary thyristor. ; 

Solution. (a) Peak commutating current from Eq. (7.49) is 


Ig=V,\/E =280 oO = 363.66.A 


Tey _ 363.66 
-2. _ 
x Ty 200 1.8183 


Turn-off time of main SCR, from Eq. (7.51), is 
t,.=(n-2 sin” \(1/1.8183)] V20 x 50 x 10°™ = 62.52 psec 


I 
(6) 0, =sin~*/=° |= gin? |—200_|_ 9 g650 
I 363.66 


cd 
' Total commutation interval, from Eq. (7.58), is 


‘5x 33.365 x 0 -6 6 . 1 — cos 33.365° 
2 180 ¥1000 x 10° ®+ 50 x 10°§ x 230 “300. 


= 229.95 x 10° + 9.477 x 10° © = 239,427 psec. 
(©) Turn-off time of auxilary thyristor, from Eq. (7.55), is 


[ 2 a0 | F000 x 10-6 = 80.931 psec. 
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7.6.3. Load-Commutated Chopper 


A load-commutated chopper is shown in Fig. 7.28. It consists of four thyristors T1 — T4 
anf one commutating capacitor C. The thyristors T1, T2 act together as one pair and 
thyristors T3, T4 act together as the second pair-for conducting the load current alternately. 
When T1, T2 are conducting, these act as main thyristors and T3, T4 and C-as the 
commutating components.’ Likewise, with the conduction of T3, T4 ; these become main 
thyristors and T1, T2 and C as the commutating components. FD is the freewheeling diode 
across the load. 


Fig. 7.28. Load commutated chopper. 
Initially, the capacitor is charged to a voltage V, with upper plate negative and lower 
plate positive as shown in Fig. 7.28. Assumptions made in current-commutated chopper also 
apply here. The working of this chopper can be explained in various modes as under : 


Mode J. With the capacitor C charged with lower plate positive, the load commutated 
chopper is ready for operation. When thyristor pair T1, T2 is triggered at t=0, circuit 
consisting of V,, T1, C, T2 and load shows that load voltage at once shoots to 
Ug = V, +, =2 V,. Load current now flows from source to load as shown in Fig. 7.29 (a). 


The capacitor C is charged linearly by constant load current I, from V, at t = 0 to (- V,) 
at t,. When the capacitor voltage becomes (- V,), the load voltage falls from 2V, to 
v9 = V, - V, = 0 at t,. Att = 0, when T1, T2 are turned on, T3, T4 are reverse biased by capacitor 
voltage, i.e. at t= 0, upg = v7, =- V,. At t), 07g =Uzy = V,, ie. T3, T4 are forward biased at t,. 

Mode II. At ¢,, capacitor C is slightly overcharged, as a result freewheeling diode gets 
forward biased and load current is transferred from T1, T2 to FD. From ¢, onwards, load 
current freewheels through FD, Fig. 7.29 (6). During (t2 - t)), vu. =— V,, U9 = 0, i, =0, ig =I, 
ipy = ipe =0, Ups = Vzq = V, and uy, = v7, =- AV, as capacitor is overcharged by a small voltage 
AV,. 

Mode III. At ¢,, thyristor pair T3, T4 is triggered, load voltage at once becomes 
v9 =V,+u,=2 V,. Thyristor pair T1, T2 is reverse biased by v,, this pair is therefore turned 
off at t, The load current, now flowing through V,, T4, C, T3 and load charges capacitor 
linearly from (— V,) at t, to V, at t, Fig. 7.29 (c). Load voltage accordingly falls from 2 V, at 
t, to zero at t; During (t3 - ta) ; 7, =— Ip, i73 = iy =1y but vp, =v, =- V, at ft, and V, at ty ; 
ie. thyristor pair T1, T2 gets forward biased at ty. 

At ¢,, capacitor C is somewhat overcharged, FD gets forward biased and therefore after 
ts, load current freewheels through FD and load. This is not shown in Fig. 7.29. 


When T1, T2 are turned on at ¢,, mode I repeats. 
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(c) Mode III, tp <t < tg 
Fig. 7.29. Different operating modes of load-commutated chopper. 


Design of commutating capacitance. For constant load current Ty, capacitor voltage 
changes from — V, to V, in time T,,, i.e. total change in voltage is 2 V, in time T,,. 


' 2V, 
eS h=C a 
b Ig : Ton 
or ="23V, _ (7.60) 
Output voltage, Vo= 5 (2V,) Tog E=V,-Tonf (TB) 
mote 2V, 
Substitution of T,,, = a in Eq. (7.61) gives average output voltage as 
0 
2CV, 2.V?.c. 
Von Vy fap tan Et «(7.62) 
: 0 0 
Minimum chopping period, T,,i,= Typ, 
“. Maximum chopping frequency, 
1 L 
fax = a 
Ig 1 
From Eq. (7.60), “OY, g Fs -(7.63) 


It is seen from the waveform of vy, vzo vzs and vz, that circuit turn-off time for each 
thyristor is 


Pe C8 ef . .(7.64) 


Total commutation interval = 
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A load-commutated chopper has the following merits and demerits. 

Merits : (i) It is capable of commutating any amount of load current. 

(ii) No commutating inductor is required that is normally costly, bulky and noisy. 

(iii) As it can work at high frequencies in the order. of kHz, filtering requirements are 
minimal. @ : oe 

Demerits : (i) Peak load voltage is equal to twice the supply voltage. This peak can 
however be reduced by filtering. : 


(ii) For high-power applications, efficiency may become low because of higher switching 
losses at high operating frequencies. 

(tit) Freewheeling diode is subjected to twice the supply voltage. 

(iv) The commutating capacitor has to carry full load current at a frequency of half the 
chopping frequency. 


(v) One pair of SCRs should be turned on only when the other pair is commutated. This 


can be done by sensing the capacitor current that is alternating. 
a ; 


igt.ig2’ : 
t 
] 


vrvT2 4 | ; 


1 4 tes | : t 
seenaemen Al I Wa 
Vs | | | 
: | 1 i 
vavtet | i q 
ee ae >t 
~Y, j | i \ 
' 0 ty ty ty ty 


Modes k-I ++ [i+ Ei 


Fig. 7.30. Voltage and current waveforms for a load-commutated chopper. 
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7. 7, MULTIPHASE CHOPPERS 

‘A multiphase chopper is one that consists of two or more choppers connected in parallel. 
The two-chopper configuration shown in Fig. 7.31 is called a two-phase chopper. Similarly, 
three choppers connected in parallel will constitute a 3-phase chopper. 


A multiphase chopper may be operated in two 
modes, viz. in-phase operation mode and the 
phase-shifted operation mode. In the in-phase 
operation mode, all the parallel connected choppers 
are on and off at the same instant. In the 
phase-shifted operation mode, different choppers 
are on and off at different instants of time. 

In the two-phase chopper configuration shown 
in Fig, 7.31, inductance L in series with each 


chopper is assumed to be sufficiently large in that Fig. 7.31. Two-ph: 
each chopper operates independent of each other. ig. 7.31. Two-phase chopper. 
Let the load current be J) and ripple free. For a duty cycle of a = 30%, Fig. 7.32 (a) shows the 


in-phase operation of this chopper when both the choppers are on and off at the same instant. 


(a) (6) 
} Fig. 7.32. Input current waveforms for duty cycle o = 0.30 for 
(a) in-phase operation and (5) phase-shifted operation. 


(c) 3) 
Fig. 7.32. Current waveform for phase-shifted operation for 
(c) a= 0.50 and (d) a = 0.60. 


‘ 
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The input current i, obtained by the addition of i, and i,, is seen to be doubled as shown. The 
in-phase operation of multiphase chopper is equivalent to a single-chopper operation. 


Fig. 7.32 (6) shows the phase shifted operation for « = 30%. Chopper CH1 is on for 0.3 T 
from t = 0. Chopper CH2 is made on such that input current obtained from i, + i, is periodic 
in nature. A comparison of Figs. 7.32 (a) and (b) reveals that for phase-shifted operation, the 
frequency of input current is doubled and its ripple current amplitude (proportional to 
Igx~-Imin) is halved as compared to the inphase-operation of chopper. In the in-phase 
operating mode, Fig. 7.32 (a) shows that frequency of harmonics in the input current is equal 
to the switching frequency ( = 1/T) of each chopper. But in phase-shifted operating mode, Fig. 
7.82 (b) shows that frequency of harmonics in the input current is twice the switching 
frequency (=1/T) of each chopper. As the frequency of harmonics in the input current is 
twice the switching frequency, the size of filter is reduced in the phase-shifted chopper. This 
shows that phase-shifted operation of multiphase choppers is usually preferred. 


For «=50%, the input supply current of phase-shifted operation is continuous and 
without any ripples, Fig. 7.32 (c). For a= 60%, the supply current is continuous but with a 
pedestal of half the load current, Fig. 7.32 (d). 


A multiphase chopper is used where large load current is required. The main advantage 
of this chopper over a single chopper is that its input current has reduced ripple amplitude 
and increased ripple frequency. As a consequence of it, size of filter for a multiphase chopper 

» is reduced. : 


' The disadvantages of a multiphase chopper are (i) extra commutation circuits (iz) 
additional external inductors and (iii) complexity in the control logic. 


Example 7.19. A type-A chopper operating at 2 kHz from a 100 V de source has a load 
time constant of 6 ms and load resistance of 10Q. Find the mean load current and the 
magnitude of current ripple for a mean load voltage of 50 V. Also, calculate the minimum and 
maximum values of load current. 


Solution. Load time constant, Le 6x 10's ; Load resistance, R= 109 


.. Load inductance, L=6x 10"*x 10=60 mH 
Chopping period, = 7 = as x 1000 = 0.5 ms 
Average, or mean, load voltage, V)=a V, 

Vv, 
.. Duty cycle, a= oz = =0.5 


Ton, = 0.5 x 0.5 = 0.25 ms ; Ty = 0.25 ms. 


As chopping period T = 0.5 ms is much less than the load time constant = 6 ms, the current 
variation from minimum current J, to maximum current J), Fig. 7.5 (d), must be taken as 


linear. Thus, during T;,, period, 


or, I,-h=-y ET 
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Vof1 Voir 
’ =e] ta=7 7,7} Ts 
. h-h=7 To = AT, current ripple .(d) 


-. Magnitude of current ripple, 


AleIy-1,="° T= ©), x 0.95 x 10°? 
ae DF 60x10 
= 0.2083 A. , 
Also, average or mean value of load current, 
1,-th _Yo 
og oR 
50_ 
107 5A 
An examination of Fig. 7.5 (d) shows that maximum value of load current I, is given by 
Ar_, Vo 50 x 0.25 x 1073 
I, =Iy+ 2 sIg+ OL Tage 5+ 2x60x10°? =5.104A 


Minimum value of load current, 
1-1-4! =5-0.104=4.896 A. 
Example 7.20. For the circuit shown in Fig. 7.33, show that 


Vo, Vo Vo 
Inas ™ R +Hl-e 
Vo OV; 
and Ina Fe |1-¥| 


where f = operating frequency of chopper switch S. 

Assume L to be large enough to ensure linear growth and decay of the current through it 
and have continuous current. 4 

Solution. The function of capacitor C across load resistance R is to make the output 
voltage continuous. In this figure, LC is a filter and FD is a flywheel diode. Inductor stores 
energy during T,, and delivers it during Tog of a cycle. 


Fig. 7.33. Pertaining to Example 7.20. 


‘The solution up to Eq. (é) in Example 7.19 is the same for this example also. Therefore, 
Eq. (i) in Example 7.19 gives current ripple as , 
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Vo 
AT=1,-1)= Taz ~ Lin = F Topp 
ge 
— load voltage,» Vy=aV,= a vy. 
; Yon Vo 
i aaah Anat | A 
1% 21 Vo 
Also, Tyg = T - Ton = - Re = z\1- 
Mage TT FeO F LH 
Vo 
Average load current, Ih= R 
It is seen from Fig. 7.5 (d) that 
AI_Vo, Vo 
Imax = Iq + =e + TE Tow 
Vo, Vo Vo 
, oR Ee, 
Vo Vol. Vo 


Similarly, L, a» -—2],--2 


Example 7.21. For type-A chopper feeding an RLE load, show that maximum value of 


rms current rating for the freewheeling diode, in case load current is ripple free, is given by 
3/2 : 


V, 
0.3849 Re 1 -% 
Solution. For chopper with RLE load, average load current I, is 
he Vo-E aV,-E 
OER. OR 


Freewheeling-diode current flows during the period To Therefore, rms value of 
freewheeling-diode current, when I, is ripple free, is given by 


: 1/2 
-T V.- 
t= VE to=|7 =| [4] 
of T r R 


7O@V,- 2) 1-0) di) 
gla vi=e-v,-¥ aE] 
or ar = [YOO V,-Y ~a-E| 
This current J,,, will have maximum value when 
dla, 1 1@a-30)V, 1 £ = 
da R|2 Ve—-o +2 VI-e = 
or “We o Vee 


avi-« VY, 
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E Saale 
or 30-25%, or «5 [P+] 


$ s 
Substituting this value of « in Eq. (i), we get maximum value of rms current rating 
Tra rm of freewheeling diode as under : 


y 1/2 
-11{5,4)\y _ -1fo,£ 
tan |3(2* 7 allt sP+#|| 
(+E), p|[,_ +E Me 
3 OV, Mi: ~"3V, 


| | 
[2%ere— 8 [sv 2¥. 8) 


3 


Example 7.22. The speed of a separately excited de motor is controlled below base speed 
by type-A chopper. The supply voltage is 220 V dc. The armature circuit has r,=0.5 Q and 
L,=10 mH. The motor constant is k=0.1 V/rpm. The motor drives a constant torque load 
requiring an average armature current of 30 A. On the assumption of continuous armature 
current, calculate (a) the range of speed control and (b) the range of duty cycle. 

Solution. For a motor, V,=Vo=E, +17 

The minimum possible speed of de motor is zero. This gives motor counter emf 

E,=0 

o aV,=Vo=041,7, 

or , ax 220=0+30x0.5=15V 


or @= 5007 44 
Maximum possible value of duty cycle is 1 
aV,=E,+1,7r, 

or 1x 220=K.N+30x 0.5 


_ 220-15 _ 
or N= 010 7 2050 rpm 


Therefore (a) range of speed control is 0 <_N < 2050 rpm and 


(b) the range of duty cycle is Z <a<1, 


Example 7.23, In a battery-powered dc drive scheme, a chopper-controlled motor rated 
at 72 V, 200 A and 2500 rpm is separately-excited at a flux corresponding to its full rating. 
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The current pulsation during acceleration is maintained between 180 A and 230 A. The motor 

resistance is 0.045 Q, while the inductance is 7 mH. The battery resistance is 0.065 Q. 

Neglecting the semiconductor losses, determine the chopping frequency and the duty cycle ratio 

when the speed is 1000 rpm. Draw diagrams to show the circuit arrangement and performance 

during one chopping cycle. (LA.S., 1988) 
Solution. For a separately-excited de motor, 


V,=Vo=E, +1, ra 


or 72. = K.N + 200 x 0.045 
72-9 63 
"9500 ~ 2500 V/7P™ 
At 1000 rpm, counter emf of motor 
: E, = Kx 1000 = =®2 x 1900 = 25.2V 
s 2500 
V,-E 
From Eq. (7.12), Tux = — yp Q - eal) Inn @ Ton! 
- 3 
Here circuit time constant, T,, = zB = sete =0.0648,R=0.11Q 
; Inge = 280 = PR PBI — o- Pa/OO64) 4 190 g° Pa/OE4 
or 245.45 e7 Tn/0 064 — 195 45 
or T,, = 0.01458 s 
‘From Eq. (7.13), Inn =— z (1-4 Tyg eT 
During the freewheeling period, 
L_7x103_ - 
; T.=2 0.045 =0.1556s and R=0.0450 
~_ 25.2 en Aap 0-156' ~ Tyg/0.1556 
. 180 =- Fogg (fl -e 6) + 230¢ 
or Tyq= 0.1656 In 220 = 0.010174 s 
Chopping period, T=T,,, + Tog = 0.01458 + 0.010174 = 0.024754 5 
sad ee 
Chopping frequency, f= T= 0.024754 7 40.4 Hz 
T. 
Duty cycle ratio, a= T = ee = 0.588995 


= 0.589 or 58.9% 


Example 7.24. Show by diagram with necessary explanation a battery-powered dc drive 
scheme using a chopper controlled motor. Sketch the voltage and current waveforms. Define 
chopping frequency and duty cycle ratio. 


In the drive scheme stated above, the maximum possible value of accelerating current is 
425 A, the lower limit of the current pulsation is 180 A, length of ON period is 14 ms and that 
of OFF period is 11 ms, the time constant being 63.5 ms. Determine the higher limit of current 
pulsation, the chopping frequency and the duty cycle ratio. [LA.S., 1989] 
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olution. Maximum value of current, I,,, = 425 A 
Lower limit of current pulsation = 180 A 
.. Minimum value of current, I,,, = 425 - 180 = 245A 


Here T,, = 14 ms, Tyy= 11 ms, T= 25 ms, T, = 63.5 ms, a= 2 = 0.56 


: V,-E 
From Eq. (7.12), 5 oa Q oH 70/4 Ing 7 Pon(Te 
V,-E 
oF, 425 = a (t -e sure 245 e 147635 
V,-E 
or R= 1175.023.A 


For higher current pulsation, T,,, is kept 14 ms. For duty cycle ratio « less than 0.56, the 
current pulsation will be more. For «=0.5, the current pulsation is the highest, So with 
a= 0.5, T,, = 14 ms, from Eq. (7.12), we get 


425 = 1175.023 (1 — e7 14/685) +7, e° 14/635 


or Inn = 239 - 9956 = 240 A 
Higher limit of current pulsation = 425 -240= 185A 
‘ : Ton 14 
Chopping period, T= a 057 28 ms 
Chopping frequency, | = t = area = 35.714 Hz 
Duty cycle ratio, a=0.50 


Example 7.25. Fig. 7.34 (a) shows a chopper circuit operating at 100 Hz with K,=0.5. 
The load current at steady state is continuous but varies between 3 amps and 10 amps. Sketch 
the waveshape of 


(a) the load current i, 
(b) the current i, through the freewheeling diode Dy 
(c) the current i, through the commutating capacitor. (GATE, 1994 ; LA.S., 1997] 


Solution. The circuit of Fig. 7.34 (a) is redrawn in Fig. 7.34 (6) where the positive 
directions for i,, U,, iz, Uz, iz, and iy are indicated. Source voltage V, charges commutating 


TH2 


(8) 


. 7.34. Pertaining to Example 7.25. 


Choppers : {Art. 7.7] 303 


capacitor C to voltage + V, through D2, L, C, load parameters R, L and source voltage V,. The 
working of this chopper is divided into certain modes as under : 

Mode I: Main thyristor TH1 is turned on at ¢ = 0, load voltage v, = V, and load current 
iz begins to build up from 3 A. Capacitor voltage remains dormant. The waveforms for 
Ye, Uz, t, and iny, (= ig) are shown in Fig. 7.36. The circuit operation during this mode is shown 
in Fig. 7.35 (a). 


in 


+ — 
Y 


TH2 


UL= Vs icetre 


(a) Mode I, 0<t<t, 


iy 


Vs 


At ty.tc= ip 
and ity)=0 


{c) Mode II, tp <¢< tg (d) Mode IV, t3 <t <ty 
Fig. 7.35 
Mode II : Auxiliary thyristor TH2 is turned on at ¢, to commutate main thyristor TH1. 
With TH2 on, i, begins to flow through C, L, TH2 and TH1. During this mode, ippy = iz + tc. 
At time tp; i,=0, v,=— V,, uy = V,. As i, tends to reverse soon after to, TH2 is turned off. 


Capacitor current during this mode is given by Eq. (7.33), i.e. Vv, ve - SIN Mp t. 


Mode III : After TH2 is turned off at tp, reversed current i, now begins to flow through 
C, TH1, D2 and L. Note that during this mode, izy = i, — i¢. When i, rises and becomes equal 
to iz, #741 decays to zero and thyristor TH1 is therefore turned off at time f3. This means that 
source voltage is disconnected from load RL at t3. As i, tends to decay from 10 A, DF gets 


forward biased by L — 7 and load current begins to freewheel through R, L and DF after ty. 


dt 
Eventually, i; decays to 3 A at ts. At tz, capacitor voltage v, is still negative as shown in Fig. 


7.36. 
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\ 
maar ti Modes 
it ' 1 

\ 


Fig. 7.36. Pertaining to chopper circuit of Example 7.25. 
Mode IV: After THI is turned off at tz, i, rises through the oscillating circuit formed by 
D1, D2, L and C. Finally, at ¢,,i,=0 and v, = V,. Soon after ¢,, as i, tends to reverse, diodes 


D1, D2 get turned off. Capacitor C charged to proper polarity and voltage is now suitable for 
next repeat cycle initiated by triggering TH1 on at t,. During the interval (f, — ¢,), load current 


freewheels through DF, R and L and decays from 10 A at ty to 3 A at ¢; as shown in Fig. 7.36. 


By PROBLEMS 


7.1. (a) Discuss the main classification of de to de thyristor converters. Which of these is more 
commonly employed and why ? 
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(5) Describe the principle of de‘chopper operation. Derive an expression for its average de output 
voltage. 

i Explain, with appropriate waveforms, the different control strategies used for obtaining variable 
output voltage from a de chopper. Which one of these is preferred over the other and why ? 

7.2. (a) What is a dc chopper ? Describe the various types of chopper configurations with appropriate 
diagrams wherever necessary. , 

(b) A de battery is charged from a constant de source of 220 V through a chopper. The de battery 
is to be charged from its internal emf of 90 V to 122 V. The battery has internal resistance of 19. For 
a constant charging current of 10 A, compute the range of duty cycle. . (Ans. 0.45465 to 0.6] 

7.3. For type-A chopper, express the following variables in terms of V,, R, Iq and duty cycle « in 
case load inductance causes the load current Jp to remain constant at a value Ip = Vo/R. Here V, is the 
source voltage. ; 

(a) Average output voltage and current. 

(b) Output current at the instant of commutation. 

(c) Average and rms values of freewheeling diode current. 

(d) Rms value of the output voltage. 

(e) Average and rms values of thyristor current. 

Sketch the time variations of gate signal i,, output voltage vg, output current ig, thyristor current 
‘iz'and freewheeling diode current ig. {Ans. (a) 0 V,, Vo/R (6) Vo/R (c) (1-8) Ip, Va -@) Io 

a) Vo. V, (e) a fy, Vor Io) 

7.4. Draw the power circuit diagram for a type-A chopper. Show load voltage waveforms for (i) 
@=0.3 and (ii) a= 0.8. For both these duty cycles, calculate. 

(a) the average and rms values of output voltage in terms of source voltage ve 

v7 
(b) the output power in case of resistive load R and . 
(c) the ripple factors. [Ans. (a) (é) 0.3 V,, 0.5477 V, (ii) 0.8 V,, 0.8944 V, 
(b) 0.3 V?/R, 0.8 V2/R (c) 1.5275; 0.5.] 


‘7.5. (a) A chopper controls power given to an R-L load. For T/T, = Q, derive an expression for the 
value of duty cycle « below which the per unit value of minimum load current falls below x per unit of 
V,/R. 

(6) A chopper has the following data : 

T= 1000 us, R=2Q, L=5mH 

Find the duty cycle @ so that per unit value of minimum load current does not fall below (i) 0.1 

and (ii) 0.3 of V,/R. 


7 a Fran 
[ine (a) Use Eq. (7.15) with E =0. Here x = A 


[Ans. (a) a= : In (1 +x (e - 1) (6) 0.12, osad| 


7.6. (a) A chopper, fed from a 220-V de source, is working at a frequency of 50 Hz and is connected 
to an R-L load of R = 5 Q and L = 40 mH. Determine the value of duty cycle at which the minimum load 
current will be (i) 5 A (ii) 10 A (ii) 20 A and Gv) 30 A. 

(6) For the values of « obtained in (@), calculate the corresponding values of maximum currents 
and the ripple factors. {Ans. (a) 0.328, 0.50582, 0.7222, 0.86184 

t (6) 26.823 A, 1.4313 ; 34.3996 A, 0.9884 ; 40.055 A, 0.6202 ; 42.3767 A, 0.4004] 
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7.7, (a) A de chopper feeds power to an RLE load with R = 20, L = 10 mH and E = 6 V. If this 
choppper is operating at a chopping frequency of 1 kHz and with duty cycle of 10% from a 220-V de 
source, compute the maximum and minimum currents taken by the load. 

(b) Adc chopper is used to control the speed of a separately excited dc motor. The dc supply voltage 
is 220 V, armature resistance r, = 0.2 Q and motor constant K,6 = 0.8 V/rpm. 

The motor drives a constant torque load requiring an average armature current of 25 A. Determine 
(i) the range of speed control (ii) the range of duty cycle. Assume the motor current to be continuous. 

(LA.S., 1990) 


[Ans. (a) 9.016 A, 7.0367 A (6) Duty cycle : mses 1, Speed : 0 < N < 2687.5 rpm] 


7.8. (a) Describe the principle of step-up chopper. Derive an expression for the average output 
voltage in terms of input de voltage and duty cycle, State the assumptions made. 

(b) A step-up chopper has output voltage of two to four times the input voltage. For a chopping 
frequency of 2000 Hz, determine the range of off-periods for the gate signal. {Ams. 250 us to 125 1s} 


7.9. For type-A chopper connected to RLE load, write the basic voltage equations and derive the 
expressions for the maximum and minimum values of load current in terms of source voltage V,, R, E 


etc. 
Hence show that the expression for per unit ripple in the load current is given by 


ae 87M) Ve I-97) 
(-e 7) 
where 7'= chopping period, a = duty cycle and T, = L/R 
7.10, A type-A chopper feeds RLE load. For low value of T,,, limit of continuous conduction is 
reached when load current during T,,, < ¢ < T' falls to zero. Derive an expression for this load current 
from basic voltage equations and hence obtain therefrom that the duty cycle o’ at the limit of continuous 
conduction is given by ' 


Z Tain Zen »] 
s 


where V, = source voltage, 7, = L/R and T = chopping period. 


han For type-A chopper feeding an RLE load, show that the maximum value of average current 
rating for the freewheeling diode, in case load current remains constant, is given by 


2 
My E 
4aR| V, 


7.12. Abattery with its terminal voltage of 200 V is supplied with power from type-A chopper circuit. 
The output voltage of the chopper consists of rectangular pulses of 2 ms duration in an overall cycle 
time of 5 ms. Internal resistance of the battery is negligible. Calculate : 

(a) ripple factor 

(b) average and rms values of output voltage 


({c) rms value of the fundamental component of output voltage 

(d) ac ripple voltage [Ans. (a) 1.2247 (6) 80 V 126.49 V (c) 85.63 V (d) 97.98 V] 

2.13. A type-A chopper feeds power to RLE load with R = 1.5 Q, L = 6 mH and E = 44 V. Other data 

for this chopper is as under : 

Source voltage =220 V de, chopping frequency = 1 kHz, 

Output voltage pulse duration =400 psec. . 

Repeat parts (a) to (i) of Example 7.8. 2 [Ans. (2) oa’ — 0.221, current is continuous 

(6) 29.33 A (c) 33.764 A, 24.975 A (e) 2.496 A, 0.7719 A, - 0.1716 A, 

() 11.781 A, (g) 2591.82 W, 1290.52 W, 1300.5 W, (h) 29.445 A () 29.445 A). 
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’ 7.14. A 500 kW dc series motor used in a high-speed train is controlled by a chopper circuit. The 
inductance of the armature and series field windings is augmented by an external inductance. The dc 
source voltage for the train is 1000 V. The duty cycle varies from 0.15 to 0.9. Find the range of total 
inductance (its maximum and minimum values) in the armature circuit in terms of-chopping period in 
case the amplitude of armature current excursion is limited to 25 A. {Ans. 3.6 T to.10 T henries] 

7.15. Write voltage equations governing the performance of type-A chopper during T,, and Top 
periods for an RLE load. Hence obtain therefrom expressions for the maximum and minim currents 
taken by the load. 

7.16. Describe a voltage-commutated chopper with relevant current and voltage waveforms as a 
function of time. The chopper operation may be divided into certain well-defined modes. Enumerate 
the various simplifying assumptions made. 

Show that effective on-period for this chopper is load dependent. Find also the minimum permissible 
on-period in terms of commutating parameters. 4 

7.17. A voltage-commutated chopper delivers power to RLE load for which R = 0 and L = 8 mH. For 
a chopping frequency of 200 Hz and dc source voltage of 400 V, find the, chopper duty cycle so as to limit 
the load current excursion to 40 A. {Ans. 0.8 or 0.2] 

7.18. (a) Derive expressions for computing the magnitude of commutating components C and L for 
a voltage-commutated chopper. Relevant voltage and current waveforms may be drawn to assist these 
derivations. Discuss the considerations on which design value of these components depend. 

(b) Describe the various important features of a voltage-commutated chopper, such as effective on 
period, minimum on-period etc. 

‘9,19, Draw the power circuit diagram for a current commutated chopper. Explain the working of 
this chopper by dividing its commutation-process interval into some well-defined modes. Show distinctly 
the total turn-off time, turn-off times for main and auxiliary thyristors in the relevant waveforms drawn. 

‘ 7,20. (a) Discuss the conditions governing the design of commutating components L and C for a 
current-commutated chopper and hence obtain expressions for these parameters in. terms of source 
voltage, load current, circuit turn-off time etc. The current and voltage waveforms needed for obtaining 
the expressions of L and C may be sketched. 

(6) A current-commutated chopper has the following date : Source voltage = 220 V de ; Peak 
commutating current = 1.8 times the load current ; Main SCR ¢, =20 Hs ; Factor of safety =2 ; Load 
current = 180 A. 

Determine the values of the commutating inductor and capacitor, maximum capacitor voltage and 
the peak commutating current. [Ans, 13.832 pH, 30.002 pF, 342.22 V, 324 A] 

7.21. The commutating components for a current-commutated chopper are C=40"F and 
L=18 pH. DC source voltage is 220 V and load current is constant at a value of 180 A during the 
commutation interval. For this chopper, calculate 

(a) circuit turn-off time for main thyristor, 

(b) circuit turn-off time for auxiliary thyristor, and 

(c) total commutation interval. 

Derive the expressions used in parts of (a), (6) and (c). 

(Ans. (a) 46.846 p1s (6) 60.595 ps (¢) 180.182 js} 

7.22. (a) Discuss the working of a lead-commutated chopper with relevant voltage and current 
waveforms. Show voltage variation across each pair of SCRs as a function of time. 

Derive an expression from which the value of commutating capacitor of this chopper can he 
computed. 

(b) A load-commutated chopper, fed from 230 V dc source, has a constant load current of 50 A. For 
a duty cycle of 0.4 and a chopping frequency of 2 kHz, compute 

(i) the average output voltage, 
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(ii) the value of commutating capacitance, 
(iii) circuit turn-off time for one thyristor pair and 
(iv) total commutation interval. {Ans. (6) 92 V ; 21.739 uF; 100 us ; 200 ps) 


71.23. What is a multiphase chopper ? Bring out clearly, with appropriate waveforms, the difference 
between the in-phase operation and phase-shifted operation of a multiphase-chopper. Hence show why 
phase-shifted operation is always preferred. : 

Enumerate the merits and demerits of multiphase choppers. 

7.24. Describe a three-phase chopper with appropriate circuit diagram. Draw the input current 
waveforms for both in-phase and phase-shifted operations of this chopper on the assumption of ripple 
free output current. Suitable values of duty cycle may be chosen to illustrate your answer. 

7.28. (a) Achopper circuit drives an inductive load from a 200 V de supply. Given the load resistance 
of 40 Q, the average load current 30 A and the operating frequency of the chopper 400 Hz, compute the 
ON and OFF periods of the chopper. 

(b) A separately-excited de motor is supplied from a 60 V dc source through a fixed frequency 
chopper. The rated speed is 900 rpm and the rated current is 30 A. Armature circuit resistance is 0.25 
Q. Find the duty cycle ratio of the chopper at rated motor torque for a speed of 300 rpm ignoring current 
pulsations. ' : [Ans. (a) 2.083 ms, 0.417 ms (8) 0.4176) 


7.26. (a) A chopper circuit as shown in Fig. 7.37 (a) is inserted between a battery, V, = 150 V and 

a load resistance R = 109. The turn-off time for the main thyristor T2 is 110 us and the maximum 
permissible current through it is 30 A. Calculate the values of the commutating components L and C. 
(LA,S., 1995] 


(6) 
Fig. 7.37. Pertaining to Problem 7.26. 


(0) Fig. 7.37 (6) shows the circuit schematic of a chopper driven separately-excited de motor. The 
single-pole double-throw switch operates with a switching period T of 1 ms. The duty ratio of the switch 
(T,,/T) is 0.2. The motor may be assumed lossless, with an armature inductance of 10 mH. The motor 


draws an average current of 20 A at a constant back emf of 80 V, under steady state. 
| Gi) Sketch and label the voltage waveform U9 (f) of the chopper for one switching period 
(ii) Sketch and label the motor current i, (t) for one switching period T 
(iti) Evaluate the peak-to-peak current ripple of the motor. 
fAns. (a) L = 1.587 mH, C = 15.87 pF 
(6) Minimum current = 16.8 A, maximumcurrent = 23,2 A, 
peak-to-peak current = 6.4 A] 


Inverters 


A device that converts de power into ac power at desired output voltage and frequency 
is called an inverter. Some industrial applications of inverters are for adjustable-speed ac 
drives, induction heating, stand by air-craft power supplies, UPS (uninterruptible power 
supplies) for computers, hvdc transmission lines etc. Phase-controlled converters, when 
operated in the inverter mode, are called line-commutated inverters, Chapter 6. But 
line-commutated inverters require at the output terminals an existing ac supply which is 
used for their commutation. This means that line-commutated inverters can’t function as 
isolated ac voltage sources or as variable frequency generators with de power at the input. 
Therefore, voltage level, frequency and waveform on the ac side of line-commutated 
inverters cannot be changed. On the other hand, force commutated inverters provide an 
independent ac output voltage of adjustable voltage and adjustable frequency and have 
therefore much wider applications. In this chapter, force-commutated and load 
commutated inverters are described. 

The de power input to the inverter is obtained from an existing power supply network or 
from a rotating alternator through a rectifier or a battery, fuel'cell, photovoltaic array or 
magneto hydrodynamic (MHD) generator. The configuration of ac to de converter and dc to 
ac inverter is called a dc-link converter. The rectification is carried out by standard diodes 
or thyristor converter circuits discussed in Chapter 6. The inversion is performed by the 
methods discussed in this chapter. 


Inverters can be broadly classified into two types ; voltage source inverters and current 
source inverters. A voltage-fed inverter (VFI), or voltage-source inverter (VSD, is one in which 
the de source has small or negligible impedance. In other words, a voltage source inverter 
has|stiff de voltage source at its input terminals. A current-fed inverter (CFI) or current-source 
inverter (CSI) is fed with adjustable current from a de source of high impedance, i.e. from a 
stiff de current source. In a CSI fed with stiff current source, output current waves are not 
affected by the load. 

In VSIs using thyristors, some type of forced commutation is usually required. In case 
VSIs are made up of using GTOs, power transistors, power MOSFETS or IGBTs, 
self-commutation with base or gate drive signals is employed for their controlled turn-on and 
turn-off. 

The object of this chapter is to describe the operating principles of both single-phase and 
three-phase inverters and to present their elementary analysis. As before, switching devices 
are assumed to possess ideal characteristics. 
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8.], SINGLE-PHASE VOLTAGE SOURCE INVERTERS : OPERATING PRINCIPLE 
In this section, operating principle of single-phase voltage source inverters is discussed. 


8.1.1. Single-phase Bridge Inverters 

Single-phase bridge inverters are of two types, namely (i) single-phase half-bridge 
inverters and (i) single-phase full-bridge inverters. Basic principles of operation of these two 
types are presented here. ‘ 

Power circuit diagrams of the two configurations of single-phase bridge inverter, as stated 
above, are shown in Fig. 8.1 (a) for half-bridge inverter and in Fig. 8.2 (a) for full-bridge 
inverter. In these diagrams, the circuitry for turning-on or turning-off of the thyristors is not 
shown for simplicity. The gating signals for the thyristors and the resulting output voltage 
waveforms are shown in Figs. 8.1 (6) and 8.2 (6) for half-bridge and full-bridge inverters 
respectively. These voltage waveforms are drawn on the assumption that each thyristor 
conducts for the duration its gate pulse is present and is commutated as soon as this pulse 
is removed. In Figs. 8.1 (b) and 8.2 (b), i,;-i,4 are gate signals applied respectively to 


thyristors T1-T4. 


, (a) (6) 
Fig. 8.1. Single-phase half-bridge inverter. 


Single-phase half bridge inverter, as shown in Fig. 8.1 (a), consists of two SCRs, two 
diodes and three-wire supply. It is seen from Fig. 8.1 (b) that for 0<¢<T/2, thyristor T1 


igtig2 


es A es 


(a) (0) 
Fie. 8.2. Sinele-vhase full-bridge inverter. 
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conducts and the load is subjected to a voltage V,/2 due to the upper voltage source V,/2. At 
t=T/2, thyristor T1 is commutated and T2 is gated on. During the period T/2<?<T, 
thfristor T2 conducts and the load is subjected to a voltage (- V,/2) due to the lower voltage 
source V,/2. It is seen from Fig. 8.1 (6) that load voltage is an alternating voltage waveform 
of amplitude V,/2 and of frequency 1/T Hz. Frequency of the inverter output voltage can be 
changed by controlling T. : 

The main drawback of half-bridge inverter is that it requires 3-wire dc supply. This 
difficulty can, however, be overcome by the use of a full-bridge inverter shown in Fig. 8.2 (a), 
It consists of four SCRs and four diodes. In this inverter, number of thyristors and diodes is 
twice of that in a half bridge inverter. This, however, does not go against full inverter because 
the amplitude of output voltage as well as its output power is doubled in this inverter as 
compared to their values in the half-bridge inverter. This is evident from Figs. 8.1 (b) and 
8.2 (d). 

For full-bridge inverter, when T1, T2 conduct, load voltage is V, ana when T3, T4 conduct 
load voltage is - V, as shown in Fig. 8.2 (b). Frequency of output voltage can be controlled by 
varying the periodic time 'T.! 

In Fig. 8.1 (a), thyristors T1, T2 are in series across the source ; in Fig. 8.2 (a) thyristors 
T1, T4 or T3, T2 are also in series across the source. During inverter operation, it should be 
ensured that two SCRs in the same branch, such as T1, T2 in Fig. 8.1 (a), do not conduct 
simultaneously as this would lead to a direct short circuit of the source. 

For a resistive load, two SCRs in Fig. 8.1 (@) and four SCRs in Fig. 8.2 (a) would suffice, 
because load current i, and load voltage uy would always be in phase with each other. This, 
however, is not the case when the load is other than resistive. For such types of loads, current 
ig will not be in phase with voltage vp and diodes connected in antiparallel with thyristors 
will allow the current to flow when the main thyristors are turned off. These diodes are called 
feedback diodes. 

8.1.2. Steady-state Analysis of Single-phase Inverter _ . 

Figs. 8.1 (b) and 8.2 (b) reveal that load voltage waveform does not depend on the nature 
of load. The load voltage is given by . 


V, 
for half-bridge inverter, Up = 2 seve OSE <<T/2 
Rccaes T/2<t<T 
and for full-bridge inverter, 2 O0<t<T/2 
BV, eee T/2 <4 <T 


The load current is, however, dependent upon the nature of load. Let the load, in general, 
consist of RLC in series. The circuit model of single-phase half-bridge or full-bridge inverter 
is as shown in Fig. 8.3 (a). In this circuit, load current would finally settle down to steady 
state conditions and would vary periodically as shown in Figs. 8.3 (c) to (/). It is seen from 
these waveforms that 

Bpe Algisiaccs att =0, T, 2T, 3T....... 
and BIg Mic at t= 1/2, 37/2, 57/2, ...... 


The voltage equation for the circuit model of Fig. 8.3 (a) for half-bridge inverter and for 
O0<t<T/2 is given by 
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R toad 
——»t 


Io 
11,12 oe {14 ele 11,72 a 13,14 7 |} Somponents 


| (ce) conducting 


RL Load 


0 “ 

“I brake PoaoNY 
: °Tpyoai 11,72 |os,o4 13,14) 01, 2; 12 [pspai T3]4: } Components 
te | i | f conducting 
lo f----5 H 1 
RL di 

0 C overdamped t 

lo H : H : 


‘Jog Tz loa, ra,te} o1,) 71 72 [o3, 13,14 | 
D4 


} Components 
joa: | 02° 


conducting 


Ip ! } 
i tI 
o1 D3 o1 val Components 
02 D4 02 Daj conducting 
(f) 
Fig. 8.3. Load voltage and current waveforms for single-phase bridge inverter. 
V, , dig 1f. 
zrRintlL yrs igdt + Veq (8.1) 


For full-bridge inverter, replace V,/2 by V, in Eq. (8.1). In this equation, V,, is the initial 
voltage across capacitor at ¢t = 0. 
For 7/2 <#<T, or 0 < t’ < T/2, the voltage equation for half-bridge inverter is 
~ ee RigeL Heh idt’+ V4 -(8.2) 
and for a full-bridge inverter, replace (— V,/2) by (— V,) in Eq. (8.2). In this equation, V,» is 
the initial voltage across capacitor 4t=0 


i 


i 
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- Differentiation of Eqs. (8.1) and (8.2) gives 


and —3 > 


The solution of these second order differential equations can be obtained by using initial 
conditions as specified above. Components constituting the load decide the nature of load 
current waveforms. 

For a full inverter, the rectangular output voltage waveform is shown in Fig. 8.3 (6). For 
this inverter, various current waveforms for different load characteristics are drawn in Fig. 
8.3 (c) to (f). The nature of these current waveforms is briefly discussed in what follows : 

R load. For a resistive load R, load current waveform ig is identical with load voltage 
waveform vy and diodes D1-D4 do not come into conduction, Fig. 8.3 (c). 


RL and RLC: overdamped loads. The load current waveforms for RL and RLC 
overdamped loads are shown in Figs. 8.3 (d) and (e) respectively. Before ¢ = 0, thyristors T3, 
T4 are conducting and load current ip is flowing from B to A, i.e. in the reversed direction, 
; Fig. 8.2 (a). This current is shown as - J, att=0 in Figs. 8.3 (d) and (e). After 1T3, T4 are 

‘turned off at ¢ = 0, current ip cannot change its direction immediately because of the nature 
bf load: As a result, diodes D1, D2 start conducting after ¢ = 0 and allow i, to flow against the 
supply voltage V, As soon as D1, D2 begin to conduct, load is subjected to V, as shown. Though 
Tl, T2 are gated at ¢=0, these SCRs will not turn on as these are reverse biased by voltage 
drops across diodes D1 and D2. When load current through D1, D2 falls to zero, T1 and T2 
become forward biased by source voltage V,, T1 and T2 therefore get turned on as these are 
gated for a period T/2 sec. Now load current ig flows in the positive direction front A toB . 
At t=T7/2; T1, T2 are turned off by forced commutation and as load current cannot reverse 
immediately, diodes D3, D4 come into conduction to allow the flow of current iy after T/2. 


Thyristors T3, T4, though gated, will not turn on as these are reverse biased by the voltage 
drop in diodes D3, D4. When current in diodes D3, D4 drops to zero ; T3, T4 are turned on 
as these are already gated. The conduction of various components of the full-bridge inverter 
is shown in Figs. 8.3 (d) and (e). 

RLC underdamped load. The load current iy for RLC underdamped load is shown in 
Fig. 8.3 (). After ¢ = 0 ; T1, T2 are conducting the load current. As ip through T1, T2 reduces 
to zero at t,, these SCRs are turned off before T3, T4 are gated. As T1, T2 stop conducting, 
current through the load reverses and is now carried by diodes D1, D2 as T3, T4 are not yet 
gated. The diodes D1, D2 are connected in antiparallel to T1, T2 ; the voltage drop in these 
diodes appears as a reverse bias across T1, T2. If duration of this reverse bias is more than 
the SCR turn-off time ¢,, ie. If (T/2-t,)>t, ; Tl, T2 will get commutated naturally and 
therefore no commutation circuitry will be needed. This method of commutation, knows as 
load commutation, is in fact used in high frequency inverters used for induction heating. 

In single-phase bridge inverters shown in Figs. 8.1 (a) and 8.2 (a), thyristors are shown 
as switching devices. Note that basic inverter operation is not dependent on the particular 
semiconductor device used. It means that if npn transistors (or GTOs, IGBTs etc) are used 
as switching devices in place of thyristors as shown in Fig. 8.4, normal inverter operation is 
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(a) (6) 
Fig. 8.4. Single-phase (a) half-bridge and (6) full-bridge inverters using transistors. 


obtained. The operating principle of an inverter using transistors, Fig. 8.4, can be described 
merely replacing T (for thyristor) by TR (for transistor) in Figs. 8.1 (6), 8.2 (6) and 8.3 (c to fp). 


Example. 8.1. (a) A single-phase full bridge inverter is connected to an RL load. For a de 
source voltage of V, and output frequency f = 1/T. obtain expressions for load current as a 
function of time for the first two half cycles of the output voltage. 


(0) Derive also the expressions for steady-state current for the first two half cycles. 
(c) For R=20Q and L=0.1H, obtain current expressions for parts (a) and (b) in case 
source voltage is 240 V dc and frequency of output voltage is 50 Hz. 


Solution. (a) For the first half cycle, Fig. 8.3 (b), i.e. for 0<t< T/2, the voltage equation 
for RL load is 


; di, 
V,=Rig+ LS (B.3) 


Its Laplace transform, with zero initial conditions, is 
% =R I(s) + Ls - I(s) = (s) (R+Ls) 


Its time solution is, 


V, R : 
it =F (1 -eL } : «(8.4) 
for 0<t<T/2. 


This is the expression of current as a function of time for the first half cycle from the 
instant of switching in with ip(t) = 0 at t = 0. 


At t= 77/2, current ig(t) of Eq. (8.4) becomes the initial value for second half cycle, 
y, RT 
ig(T/2) = 1 -€° eal (8.5) 


For second half cycle, time limit is from 7/2 to T or 0 <t' < 7/2 where ¢ =t— T/2, The 
voltage equation for RL load during second half cycle is 


. , 7 dio 
-V,=Rigt lL (8.6) 


Its Laplace transform, with initial current ip (7/2) given by Eq. (8.5), is 
i V, 
- Zale) (R + Ls] -i(T/2) -L 
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y, L-ifT/2) 


Shoe te 
on Ks) =~ 34s) * R+Ls 
’ Vv. Ry Ry 
Its time solution is. ig(t y=-Flr-e i }+ic (T/2)e © 
Vv By y, LRT, _R, 
=" t-e# }+H(r-e a0 . 
; v,_Y, -BE) _By 
or ig(t ne it Fae =e uf (8.7) 
for O0<t’<T/2. 


Eqs. (8.4) and (8.7) give the transient solution for load current for first and second half 
cycles respectively. : 

(b) Under steady-state conditions, at t = 0, ip(0) =— Jo, Fig. 8.3 (d). Under this condition, 
Laplace transform of Eq. (8.3), is 


‘ = 76) (R+Ls] +L Ip 
; fate Fd Mile SUN REE 
Its time solution is inf) = Rll -e Ihe (8.8) 


At t= 7/2, ig (t) = Ip Fig. 8.3 (2), therefore from Eq. (8.8) 
V, - ar 
ig(T'/2) = Ip -70 -e %)-1, em 
or ef ee (8.9) 
Substituting this value of J in Eq. (8.8), gives 


RT 
Vv. 2 V.i-e wu -8 
io = {1 -e ui) Fine re ut (8.10) 


Eq. (8.10), gives the steady-state solution during the first half cycle, ie. for 0<t<T/2. 
For second half cycle, at t= 7/2, ip (2) =I, Fig. 8.3 (d). Under this initial condition, 
Laplace transform of Eq. (8.6), is 


V, 
- FaMs) R+Ls]-Lp 


: ‘Sac V,(, -Be -Br 
Its time solution is ig(t) =- R l-e t+Ige 


Vv. Re) Vo 1-e & -#r 
=-Flr-e ee eer ut (B11) 
R Risen 
+e 


Eq. (8.11) gives the steady-state solution during the second half cycle, ie. for 
O<t’<T/2 where t’=t-T/2. 


R obs RT _ 
(c) Here 7 = 200, T= => = 0.02 sec., OL =2. 


316 (Art. 8.1] ! Power Electronics 


Expression for transient current is the first half cycle from Eq. (8.4), is 
ig(t) = 249 1~ e720") = 12 (2 -e =) 


Expression for transient current pa second half cycle, from Eq. (8.7), is 


to(t’) = - a0 + 2 2-e *) 7 2008 
=- 12422. lt aaa 
From Eq. (8.9), Iy= 200. a e = 9.139 Amps. 
+e 


Steady-state current for the first half cycle, i.e. for 0<t<T/ 2, is obtained from Eq. (8.10) 
as 


ig(t) = 12 (1 — e°?4) ~ 9.139 e- 2008 
= 12- 21.139 e° 9! for 0 <2’ <T/2 
For the second half cycle, steady state current from Eq. (8.11), is 


ig(t’) = - 12 (1 — 27 2") 4. 9.139 e° 200" 
=- 124211392" ford <t' <T/2. 
Example 8.2. (a) Repeat 
R and capacitor C in series. 


(®) For R= 20Q and C= 50 pF, obtain current expressions for part (a) for input voltage 
of 240 Y and output frequency of 500 Hz. 


Solution. (a) For the first half cycle, i.e. for 0<t < T/2, voltage equation for RC load is 
eee i ee 
V, La Rigtd figat 
or RW442y, 


; ate --(8,12) 
Its Laplace transform, with zero initial conditions, is 


parts (a) and (b) of Example 8.1 in case load consists of resistor 


V, 
Ris Qs) ~ q(0)] + LO. = 3 


Veieos 2d ns 
= : Qs) = R | s(s+ 1/RC) 
Its time solution is, qt) =CV, - — en H/RC) 
ea v2) = ” =V, (2 i) (8.18) 
t) v, 
Also, ig(t)=C em ® =7e -1/RC ete 


Eqs. (8.13) and (8.14) give the transient Pia for v,(é) across C and i,(¢) through RC 
load during the first half cycle. 


At t= 7/2, u(t) of Eq. (8.13) becomes the initial value of the second half cycle, 


v(T/2) = v,[1-¢ (8.15) 
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\ Voltage equation for RC load for second half cycle is ; 
eae on [ 
-V,=R gt B Jigat’ 


d ; 
or Rete fs (8.16) 
Its Laplace transform, with initial voltage v,(T/2) given in Eq. (8.15), is 
V, 
Ris Q(s) —C-v{7/2)] +22) = 
Vv, Cuer/2) 
a Q0) =~ ROs+ Ht Saal: 
; RC 
Its time solution is g(t’) =- C V1 — eS) + Cu (7/2) = RE 
pases, BoE yf 
or . uft)=-v,(1-e 74 v,(1-¢ aac Re: 
Tr r 
=-V,+V, Qt lee (8.17) 
 dudt)’ Vif. TY) et 
Also it’) =C a =-3( a aie) rd (8.18) 


Voltage and current solutions in the first half cycle 
are given by Eqs. (8.13) and (8.14) and in the second hlaf —y, 


cycle by Eqs. (8.17) and (8.18). 
{b) ‘Under steady state working, the waveform for 
voltage vg across capacitor and load current i, through 7 se 


RC are as shown in Fig. 8.5. Vo 
At £=0, v,(0)=— Vo. Therefore, Laplace transform -y,| 
of Eq. (8.12) under this condition is 


H 
H 
H 
i i 
t 


R fs Qe) + CV) + SO = Ye 


or Qs) [Rs + 2 = 
V, CV, 
or Q)=F: 1-7 ; 
sistRa} |S+Re 
Its time solution is qt) =CV, -e 4 RO) Vy er /RE 
or ut) = V, (1-7 /RC) — yy eo RC ...(8.19) 
At t=T7/2, v{T/2) = Vo, Fig. 8.5, therefore, from Eq. (8.19), 
wae Bet eh 
u,(T/2) = Vy=V, (a -e 3c) Voe *e 
fiz! 
Je me 
or Vo=V, Sa (8.20 
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Tr 
’ Bc 
From Eq. (8.19), ' ut) =V, (a ~e re) Vi, oor eR (8.21) 
: l+e@ 2c 
F ts 
du.(t)_ 2, RC 
From above equation, ig(t)=C - tt) =o .£ (8.22) 
dt R -s55 
1+¢ 2Re 


Eqs. (8.21) and (8.22) give the steady-state solution for u,(¢) and load current 7. for the 
first half cycle, i.e. for 0<t < T/2. 
For second half cycle, at ¢ = 7/2, PALES Vo. Under this condition, Laplace transform of 


Eq. (8.16) is 


V, 
Ris Qs) - CV] + MO. = 
z s 
v, cv, 
or ey 1 Qs) =- R 1 + o 
‘ 515+ RE ne 5*Re 
Its time solution is g(t’) = - CV, (1— ©") 4. CV, e 1° 
ox v(t’) =—V, «(= ef) 4 Vy er RE 
T 
Re 
=-V, (1- -e Fe) sy, i Bess RG (8.23) 
l+e 2c 
an Evel’) 
Also io(t’}=C at 
QV, ¢ RC 
5 ot + (8.24) 
lt eRe 


Eqs. (8.23) and (8.24) give respectively the steady-state solution for capacitor voltage 
v,{t’) and load current g(t’) for second half cycle, i.e. for 0< t’ < T/2. : 


(c) Here R=209. C= 50 pF. i 1000, Tai 7= 0.002 
From Eqs. (8.13) and ( 8.14), the transient expressions for the first half cycle are 
v(t) = 240 (1 — e7 10004 
nd ig(t) = 12 e7 14 
From Eqs. (8.17) and (8.18), the transient expressions for the second half cycle are 
v,{t’) = — 240 + 240 (2 — e7 4) e= 100" 
=— 240+ 512-48 10" 
and ig(t’) = — 12 (2 — €7 9) €° 1°" — — 22.376 7 100" 


-1 
Lae, 7 = 110.91 volts. 


-From Eq, (8.20), Vo= 2407 


For the first half cycle, steady state wage and current, from Eqs. (8.21) and (8.22) are 
v,(t) = 240 (1 — 27 14 — 110.91 e° 1! = 240 — 350.91 2° 10! 


Ped 


‘ 
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and’ . ig() = SS. = 17.545 @ 1000 ' 
; +e 


For the second half cycle, steady state voltage and current, from Eqs. (8.23) and (8.24) 
are . 
v(t’) = — 240 (1 — e710") 4. 110,91 27 10 = — 240 + 350.91 e 00°F 
and ig(t’) = ~ 17.545 27 200° 


Example 8.3. A single-phase bridge inverter delivers power to a series connected RLC 
load with R =2.Q and al. = 10 Q. The periodic time T = 0.1 msec. What value of C should the 
load have in order to obtain load commutation for the SCRs. The thyristor turn-off time is 
10 psec. Take circuit turn off time as 1.5 t,. Assume that load current contains only 


fundamental component. 


Solution. The value of C should be such that 
RLC load, is underdamped. Moreover when load 
voltage passes through zero, the load current must 
pass through zero before the voltage wave, i.e. the 
Joad current must lead the load voltage by an angle 


Yo Fund. comp. of voltage 


Fund. comp. of 
current 


@ as shown in Fig. 8.6. Recall the phasor diagam ~~ 
for RLC series circuit. From this phasor diagram, Fig. 8.6. Pertaining to Example 8.3. 
. Xo-X; 
' tan 9=—© R h 


Here X¢ > X;, as the current is leading the voltage. Now (6/«) must be at least equal to 
circuit turn-off time, i.e. 1.5 x 10 = 15 psec. 


$ 215% 10"® see ' 


Now f= i. =10'Hz 
‘ O=2nx 10! x 15 x 10° © = 0.9424778 rad = 54° 
Xp-10 
tan 54° = 2 
or X¢ = 12.752764 = 1, 
2nx10°xC 
or C = 1.248 pF. 


8.2. FOURIER ANALYSIS OF SINGLE-PHASE INVERTER OUTPUT VOLTAGE 
The output voltage v, is shown in Fig. 8.1 (6) for a single-phase half-bridge inverter and 


in Fig. 8.2 (6) for a single-phase full-bridge inverter. These output or load voltage waveforms 
do not depend on the nature of load. Voltage waveshapes of Figs. 8.1 (b) and 8.2 (6) can be 
resolved into Fourier series as under : 


vw=> 2V, (8.25) 
n2h8,6 one 

for single-phase half-bridge inverter and 
Ug= (8.26) 
n=1,3,5, wn 


for single-phase full-bridge inverter. 


4 


> 
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| Here »: is the order of the harmonic and w = 2nf is the frequency of the output voltage in 
‘ads. . i 
The load current iy can, therefore, be expressed as 
‘ . ' 4V, 
lo= x z 
melas Zz, 
where Z, = load impedan¢e at frequency n uf 


= [a+b (8.28) 
and phase angle 6, is >, = ta ».(8.29) 


The output, or load, current at the instant of ee, is obtained from Eq. (8.27) by 
putting wt =n. Its value ig 


sin (nwt — ¢,) Amps (8.27) 


ig=Ip at wt=nrad 
“In case I, > 0, forced commutation is essential. If Jy < 0, no forced commutation is required 
and load commutation, as described for RLC underdamped load in Art. 8.1.2, can be relied 
upon. 
If Ip, = 7ms value of the fundamental component of load current, then the fundamental 
load power Pp, is given by 
; Poy = 1p, R= Vor Tox £08 9 
where Vp = rms value of fundamental output voltage. 
The fundamental output power Po, does the useful work in most of the applications (e.g. 


electric motor drives). The output power associated with harmonic current does. no useful 
work and is dissipated as heat leading to rise in load temperature. 


Example 8. 4. A single-phase half-bridge inverter has load R = 2Q. and de source voltage 


Ms gv ‘ 
2 2s 


(a) Sketch the waveforms for vo, load current ig, currents through thyristor 1 and diode 


1 and voltage across thyristor T1. Harmonics other than fundamental component are 
neglected. Indicate the devices that conduct during different intervals of one cycle. 


(b) Find the power delivered to load due to fundamental current. 
(c) Check whether forced commutation is required. 
Solution. (a) The fundamental component of output voltage, from Eq. (8.25), is 


Yo =—Z sin of 


The rms value of this voltage, 


Vo = 2228? = 108.552. 
q V, 
‘ond the load current, In= ot - 108.852 =51L.776A 


The fundamental frequency component of load current is 
ip) = 51.778 V2 sin wt 
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Fig. 8.7. 


Pertaining to Example 8.4. 


The waveforms for the various voltages and currents are shown in Fig. 8.7. For resistive 
load, diodes do not come into conduction, therefore ip, is zero. When 'f1 conducts, v7, = 0. 


When T2 conducts, v7, = V, as shown. 


(b) Power delivered to load = J2, R = (51.776) x 2 = 5361.5 watts 


When T1 is conducting, power to load is delivered by upper source 


lower source delivers power to load. 


Power delivered by each source 


ag 


Vi, 7 
> and when T2 is on, 


Here 7, = average value of fundamental component of source current over one cycie. 


Power delivered by each source 


Ls, 
7 Jy V2 Ip, sin ct - d (wt) 
Y2 Toy 


“ER 

Gy 
= ei SLs = 23.304 A 
= 115 x 23.304 


= 2679.96 watts 


Power delivered by both the sources 


= 2 x 2679.96 
= 5360 W 


Power delivered by both the sources is equal to that consumed by the load. 


ie) As the diodes do not conduct, forced commutation is essential. 
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Example 8.5. For a single-phase full-bridge inverter, V,= 230 V dc, T= I ms. The load 


consists of RLC in series with R=1Q, ob = 6 Q and a =7Q. 


(a) Sketch the waveforms for load voltage vg, fundamental component of load current 
. tp, Source current i, and voltage across thyristor 1. Indicate the devices under conduction 
during different intervals of one cycle. 


(b) Find the power delivered to load due to fundamental component. 


(c) Check whether forced commutation is required or not. Take thyristor turn-off time as 
100 is. 


Solution. (a) The load voltage waveform vu, and its fundamental component vg, are shown 
in Fig. 8.8. 


H y 
1 
1 H t 
1 ‘ 4 
i n 


‘sto tained 13.14 —I0304<- 


H ae : 
207-14 1 ul 
i) ie ae 7 


Uri b he 
1 H 


230V p>- nn none 
ate 


Fig. 8.8. Pertaining to Example 8.5. 
Rms value of load voltage, from Eq.. (8.26), is 


4V, _4x230 
Vaya nye 207-1 
—_ Vo 
Rms value of current, Ig = xz 
‘1 
- Vor 
= 2 5172 
[ + ( -—— 
207.1 207.1 
= = =146.46A 
172 ~ 
[1?+-2)] 2 


ee 
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iy = tant LEAS - tan 1) ‘ 


=— 45° 
The fundamental component of current ip, as a function of time is 
ig, = V2 Ip, sin (at - 9) 


_ fy 207.1 .. ¥ 
= 2 Jy sin (wt + 45°) 


= 207.1 sin (wt + 45°) 
Load current ip; and source current i, are plotted in Fig. 8.8 and the conducting 
somponents are also indicated. 


: 2 
(b) Power delivered to load = 12, R= 207.1) . 1 221.445 kW 
® WB 


This must be equal to the power P, delivered by the source. 
on P,=V, I, watts 
where J, = average value of the fundamental component of source current 


=f" a1 sin (wt + 45°) d (ot 
= aly 01 Sil ) d (wt) 


= 2021 5 cos (at + 45), = 29 [2 cos 45°] = 99.23 A 


P, = 230 x 93.23 = 21.443 kW 


(c) Fig. 8.8 reveals that uz, is negative for some time before T3, T4 are triggered. Thus 
circuit turn-off time can be obtained from 


or oe ot,= 
= 0,125 ms = 125 ps 


As voltage drop in diodes D1, D2 reverse biases T1, T2 for 125 ps, which is more than 
the thyristor turn-off time of 100 1s, no forced commutation is required. 

Example 8.6. A single-phase full-bridge inverter is fed from a dc source such that 
fundamental component of output voltage is 230 V. Find the rms value of thyristor and diode 
currents for the following loads : 


(a)R=2Q (b)R=2Q, X,=89, X,=6Q. 
Solution. (a) Rms value of fundamental component of load current 
Iq = 32 = 115A 


Fundamental component of output voltage vp, is shown in Fig. 8.9 (a). For resistive load, 
load current waveform ig, and thyristor current iy, handled by T1 are.also shown in Fig. 8.9 
(a). For R load, diode does not conduct, therefore diode current ip, is zero. From the waveform 
of ip, rms value of thyristor current is 
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Fig. 8.9. Pertaining to Example 8.6.- 


1st 12 
In, -|2 j, (Z, sin wt)? - aon 
4 


In [f* 7 
=o ii (1 cos 2 wt) - d (wt) 


4 


Tn _ 115 V2 
; =o7 9." 81.33 A 
Rms value of diode current, IJp,;=0 
230 - 
(6) Rms value of load current, Ip; = Bao) 81.317A 
Pan 
Phase angle, 9, = tan™ a Moke = 45° 


For R =29, X,; =8 Q and X, =6 Q, the fundamental component of load current lags the 
output voltage by 45°, this is shown in Fig. 8.9 (6). The thyristor-current waveform ip, and 
diode-current waveform ip, are also shown in Fig. 8.9 (6). It is observed from this figure that 
mms value of thyristor current is 


12 


1 3n/4 2 
In=|o5 , (, sin wt)? - (o#)| 
2 | 


Th 
7 | ed 
e 
= 0.47675 x V2 x 81.317 = 54.818 A 


3n4 
_ sin 2 at] 


172 
| = 0.47675 In 


t 1 n/4 Ps ve. 
Rms value of diode current, Ip;= mal (7, Sin at)” - d (wt) 


= 0,1507025 I,, = 0.1507025 x V2 x 81.317 = 17.328 A 
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As the load current i) does not change from positive to negative at an angle wt <1, no 
ye is available for SCR to turn off ; forced commutation is therefore essential. 


Example 8.7. A single-phase full-bridge inverter has RLC load of R = 4 Q, L=35 mH and 
C = 155 WF. The de input voltage is 230 V and the output frequency is 50 Hz. 


(a) Find an expression for load current.up to fifth harmonic. Also, calculate 
(b) rms value of fundamental load current, 

(c) the power absorbed by load and the fundamental power, 

(d) the rms and peak currents of each thyristor, 


(e) conduction time of thyristors and diodes if only fundamental component were 
considered. : : 


Solution. (a) From Eq. (8.26), an expression for output voltage is 


av, . 4Vv, . 4V, . 
Yo= > Sin wt + 3 sin 3 wt + =~ sin 5 wt 
"4230 


sin ot + 2 sin But +} sin 5 ot 


= 292.85 sin 314¢ + 97,62 sin (3 x 314¢) + 58.57 sin (5 x 314¢) 
Load impedance at frequency n/f is 


Sass eee (cD 
Z,=4+j|2nx 50x 35x10 "xn Senos 
=44j tin - PE} 
Z, = Va + 1 — 20.54) = 10.3450 


~1{11- 20.54 


and $, = tan 


Zy= V4? +{11x3-2924) - 26.460 
and $5 = tan” #| 88=20.5478 a 3)- 81.3° 
Similarly, » 2,=51.05Q and ¢,; = 85.5° 
Load current, from Eq. (8.27), is given by 
292.85 _. 0) 4 97.62 oe 
tg= 10.345 sin (@t + 67.25°) + 26.46 sin (3wt - 81.3°) 
58.57 |. beets 
+5105 50 (5 wt ~ 85.5°) 


= 28.31 sin (314 ¢ + 67.25°) + 3.689 sin (3 x 314¢ — 81.3% 
+ 1.1473 sin (5 x 314 - 85.5") 


(6) Rms value of fundamental load current, 


! I 28.31 
I m1 . 20.02 A 
Tou v2 v2 : 
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(c) Peak load current 


rH 


pee ath 
I, = V28.31" + 3.689" + 1.1473” = 28.572 A 


Rms Joad current = Bar = 20.207 A 


Load power = (20.207)? x 4 = 1633.3 W 
Fundamental load power, , 

; Py = 2h, x R= (20.02)" x 4 = 1603.2 W 
(d) Peak thyristor current =I, =28.572A 


Rms value of thyristor current 


= 2572 =14.286A 


(e) Fundamental component of current is 
ip; = 28.31 sin (314¢ + 67.25°) 


This current leads the fundamental voltage component by 67.25°. This means that diode 
conducts for 67.25° and thyristor for 180 — 67.25 = 112.75° 


:. Conduction time for thyristors 
= 112.75x 0 


= 190x314 ~ 6:67 ms 
5. hi : _ 67.25X 0 _ 
Conduction time for diodes = 180x314 3.738 ms, 


In case SCR turn-off time is less than 3.738 ms, load commutation will occur and no 
forced commutation will be required under the assumption of no harmonics. ‘ 


8.3. FORCE-COMMUTATED THYRISTOR INVERTERS 
_ For low-and medium-power applications, inverters using transistors, GTOs and IGBTs 

are becoming increasingly popular. However, for high-voltage and high-current applications, 
thyristors are more suitable. 4 

In voltage fed inverters, thyristors remain forward biased by the de supply voltage. This 
entails the use of forced commutation for inverter circuits using thyristors. As stated earlier, 
forced commutation requires a precharged capacitor of correct polarity to turn-off an already 
conducting thyristor. A large variety of forced commutation circuits have been described in 
the technical literature. Here popularly used McMurray technique will be described leading 
to the discussion of two types of force-commutated inverters, viz Modified McMurray inverter 
and Modified McMurray-Bedford inverter. These are now described in what follows : 

8.3.1. Modified McMurray Half-bridge Inverter 

Load commutated voltage-source inverter has been discussed in the latter part of the 
Section 8.1.2. It is shown there that for obtaining load commutation in VSI, the load circuit 
must be underdamped, i.e. capacitive reactance of the load must be more than its inductive 
reactance. 

The object of this section is to describe modified McMurray half-bridge inverter which is 
a current-commutated VSI. 

Fig. 8.10 shows a single-phase modified McMurray half-bridge inverter. It consists of 
main thyristors T1, T2 and main diodes D1, D2. The commutation circuit consists of auxiliary 
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Fig. 8.10. Power circuit diagram for a single-phase modified McMurray half-bridge inverter. 
thyristors TA1, TA2, auxiliary diodes DA1, DA2 ; damping resistor R,, inductor L and 
capacitor C. Three-wire de supply is required and ac load is connected between terminals 


A and B as shown in Fig. 8.10. The function of capacitor is to provide the energy required for 
commutating the main thyristors. Inductance L, is for limiting di/dt to a safe value in main 


and auxiliary thyristors. As an auxiliary thyristor is used for commutating the main thyristor, 
this inverter is also known as auxiliary-commutated inverter. 

In the original inverter circuit given by McMurray, elements DA1, DA2 and R, were not 
present, hence the circuit of Fig. 8.10 is now commonly known as the modified McMurray 
inverter. As three-wire de supply is required, as in Fig. 8.1, the term “half-bridge” is added 
to this inverter of Fig. 8.10. 

| The following simplifying assumptions are made for this inverter : 
(i) Load current remains constant during the commutation interval. 
(ii) SCRs and diodes are ideal switches. 
(iii) Inductor L and capacitor C are ideal in that they have no resistance. 
The operation of this inverter of Fig. 8.10 may be subdivided into various modes as follows: 
Mode I : Thyristor T1 is conducting a constant load current Ip, i.e. ir, = Ip. Capacitor Cc 
is already charged to a voltage V, with right hand plate positive because of the commutation 
of previously conducting thyristor T2. In this mode, the equivalent circuit of this inverter is 
as shown in Fig. 8.11 (a). With T1 conducting, commutation circuit is passive in this mode. 

Mode II. Auxiliary thyristor TA1 is triggered at ¢ = 0 to turn off the main thyristor T1. 
As TA1 is fired, capacitor current i, starts building up through resonant circuit consisting of 
L,T1, TA1 and C. Voltage drop across T1 reverse biases D1, current i, can therefore flow only 
through T1 and not through D1. As J, is constant, an increase in i, causes a corresponding 


‘decrease in ip, so that ip, =Iy-i, (KCL at node B ). Waveforms of ,, ip, Ip and v, are shown 


in Fig. 8.12 and equivalent circuit is as shown in Fig. 8.11 (6). Att, i, rises to I, and therefore 
ip, =0. As a result, main thyristor T1 is turned off at f,. 


Mode III. After ¢,, as resonant current i, exceeds Ip, the excessive current i, -Jg =in1 


circulates through feedback diode D1, Fig. 8.11 (c). The voltage drop across D1 reverse biases 
T1 to bring it to forward blocking capability. When capacitor voltage v, discharges to zero, 


resonant current i, rises to peak value J, as shown in Fig. 8.12. After attaining J.,, i, begins 


Power Electronics 


—% + ; 
(b) Mode Il. 0 <t < ty. ig < 1y 


ipazictlo 


Io + % — + Vo 
(e) Mode V, ic < Ip and ig +ipg =I, tg <t <ty (f) Mode VI, ing > Ip, tg <t < ts 


(g) Mode VII, i, = 0; ing = ig, tg <t < tg 
Fig. 8.11. Operating modes of modified McMurray inverter of Fig. 8.10. 

to decrease and in so doing, C begins to get charged in the reverse direction. At t,, ig falls to 
Ig. In case vg is somewhat more than source voltage V, at t,, diode D2 gets forward biased 
and starts conducting. In such a case, mode IV is absent ; otherwise mode IV follows. 

Mode IV. After t,, as ig tends to fall below J), diode current ip, becomes zero and D1, 
therefore, stops conducting. Constant load current I, continues flowing through V,/2, TA1, 
C, L and load as shown in Fig. 8.11 (d). Load current charges capacitor C linearly with reverse 
polarity and at t3, v¢ is somewhat more than V, 

Mode V. At ¢3, a8 uc becomes slightly more than V,, an examination of Fig. 8.10 reveals 
that diode D2 gets forward biased and thus an alternate path for I, is provided. Load current 
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Fig. 8.12. Voltage and current waveforms for inverter of Fig. 8.10. 


Iy is now shared by resonant circuit and D2. Current through D2 flows through lower source 
V,/2, D2 and load. After ts, ic begins to decrease whereas ip, starts building up so that the 
sum of ig and ipy is equal to Ip, i.e. ig + ipz =I (KCL at node B), Fig. 8.11 (e). The supply 
voltage V, through D2, is now impressed across the resonant circuit. The energy stored in 
L is transferred to C and as a consequence, capacitor is overcharged to a peak voltag 
Vin at ty. : 

The main thyristor T2 is usually given the trigger pulse x VLC seconds after thyristor 
TAL is fired, i.e. between the interval ¢, and ¢,. But T2 will not turn.on because of the reverse 
bias applied to it by the voltage drop in D2. 

Mode VI. At t,, ipo rises to Jy) and at the same time ig falls to zero. As ic tends to reverse. 
TA] is turned off at t,. Now u, > V,, capacitor C therefore discharges through R,, DA1, source 
voltage V,, D2, L and C, Fig. 8.11 (f). Note that current ic is now negative as it is flowing 
i arate to its positive direction. For a constant load current I), KCL at node B gives- 
ipg =ic+Ip, During this mode, ips is more than Ip. 

The circuit traced by ig is usually critically damped so that vg gradually reduces to V,. 
At ts, i¢ becomes zero, vu, =— V, and ing = Jy. This is the end of mode VI and also the end of 
commutation interval. 

The voltage drop across Rz and DA] applies a reverse bias across TA1 and completes its 
commutation process. 

Mode VII. After ¢,, the circuit model is as shown in Fig. 8.11 (g). The decreasing load 
current ty = inn becomes zero at te, Main thyristor T2 is already gated on during ¢, — ty interval, 
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ie. xVLC seconds after TA] is fired. But it will not get turned on at this moment because of 
the reverse bias applied to it by voltage drop in D2 due to current ip». At t6 ing = 0 and T2 is 
no longer reverse biased. Therefore, after tg, source voltage applies a forward bias across T2 
and the trigger pulse already applied to it turns it on. Load is now subjected to negative 
current as desired. Note that load was already subjected to negative voltage through D2 at 
t, at the commencement of its conduction. 

After tg, capacitor charged to voltage - V, (i.e. with the left plate positive) is ready for the 
next commutation process. The commutation process from T2 to D1 is identical to that 
described above. 


Design of commutating circuit components. For modes II and III of the modified 
half-bridge McMurray inverter of Fig. 8.10, the circuit parameters that come into play are 
L and C only. Therefore the commutation, or capacitor, current i, during these two modes is 


given by 


=V, © sinwgt = =1,, sin pt 


G L 
where = c 
Tep= is L (8.30) 
d = 
= = TEE 
From Fig. 8.12, at ty, i, = 1p = Top SIN Wp ty 
2 gp 
or fy: ® sin fal (8.31) 
Fig. 8.12 also reveals that 
(pte = H— Wy t, =n — sin” * Iy/T,p) ' 
or te = 1/d@p [n- sin” 1 U/Tp)) 
. Therefore, circuit turn-off time for a thyristor T1 is ; 
se N ti=ty-t “a [x-2 sin"? o/h (8.32) 


This time ¢, must be greater than the thyristor turn-off time ¢, In practice, this condition 
can be realized by several different combinations of C and L as shown in Fig. 8.13 (a). The 


I, 
bete-ai 
Faw 
ic 
Ty 
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Fig. 8.13. Pertaining to the choice of L and C for the inverter circuit of Fig. 8.10. 
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current ane pulse i, that gives the required turn-off time with the minimum amount 
" 


of capacitor energy 5 1 oy, is the optimum pulse. This can be achieved from Egg. (8. 31) and 
(8.32) as under. 


fe wo. -1{ to 
From Eq. (8.32), 2 7978 i 
Ef) R_ Mt Mp te 
or . i= sin(S- 9 |= e835 
I, t, 
Let 2 =x so that cos Oe. 1 (8.33) 
Iy 2 « 
t, 
or <— = 2 cos”! (1/x) =g(x) (8,34) 
. WIC 


The energy W that the commutating capacitor should provide for commutating the main 
thyristor is 


ae! =i 
=5 CV} = 5 Lh 
Substituting the value of V, = J, VE from Eq. (8.30) in the above relation, we get 
, W=5 Loy, .1, VE NEC. Vi Tey 


_ From Eq. (8.34), VLC = . Substituting this value of VEC in the above relation, 


2 cor? (1/x) 
we get ' 
wei t, Ve Top _ ate V, -x1p 
22cos'(1/x) 4 cos} (1/x) 
‘Hess v, 19 t, has the dimensions of energy. In normalized form, the above relation is 
WwW x 
—o + (8.35) 
V, Ip t, "4 cos” 1(1/x) ) 
On plotting A(x) against x from Eq. (8.35), it is found that normalized commutation energy 
A(x) has a minimum value of 0.446 when x = 1.5, Fig. 8.13 (6) 
From Eq. (8.34), g(x) =2 cos” 1 (1/1.5) = 1.682 
The disign is carried out on the basis of worst operating conditions which consist of 
minimum supply voltage V,,, and maximum load current J,,, 


.. From Eq. (8.30), V,,, vg BL, =X 1g, = 1.5 Ion 


or vg open «(8.36) 


mn 
t, t, 
VIC = = «(8.37 
From Bq. (8.34), ILC le) ~ 1682 (8.37) 
Multiplication of Eqs. (8.36) and (8.37) gives 
1.5%, 1, t, 1, 
C=—ay = 0.892 = (8.38) 
1.682 V,,, Vann 
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From Eq. (8.36), Es ayy B29 
C7151, 
Multiplication of Eys. (8.37) and (8.39) gives 
Lavigtt mt o.noga Vain Bid 
1682x157, Ie oe 


For critical damping of the resonant circuit consisting of Ry, L, C in series in Fig. $.10, 
A fa {Ry . 
ic ~[aL }- sah 
From above, the value of resistance that gives critical damping is 


Ry=2Vk 118.41) 


8.3.2, Modified McMurray full-bridge inverter 

Asingle-phase modified McMurray full-bridge inverter is shown in Fig. 8.14. The number 
of thyristors, diodes and other components in full-bridge inverter is double of those in 
half-bridge inverter of Fig. 8.10. The operation of this inverter during commutation process 
is similar to that described in the previous section for a single-phase half-bridge inverter. For 
example, for mode I, thyristors T1, T2 are conducting and the load current completes its path 
through source V,, T1, load, T2 and back to source. For mode.II, TAl and TA2 are triggered 
together for commutating main SCRs T1 and T2. For mode III, commutating current i, in 
both the circuits goes beyond load current I) so that T1 and T2 are turned off and so on. 


Fig. 8.14, Single-phase modified McMurray full-bridge inverter. 


8.3.3. Modified McMurray-Bedford half-bridge inverter 

Power circuit diagram of a modified McMurray-. eBedsord | half-bridge inverter is shown in 
Fig. 8.15. It uses less number of thyristors and diodes 
as |compared to modified McMurray half-bridge 
inverter, The number of capacitors and inductors is, 
however, large. This inverter, Fig. 8.15, consists of main 
thyristors T1, T2 and feedback diodes D1, D2. 
Commutation circuitry consists of two capacitors Cl, 
C2 and magnetically coupled inductors L1, L2. Actually 
L1 and L2 constitute one inductor with a centre tap so 
that L1 = L2 = L. The inductance of this centre-tapped 
inductor is usually of the order of about 50 WH. The 


nF 


SF 


inductor is wound on a.core with an air gap so as to Fig. 8.15. Single-phase modified 
avoid saturation. The value of capacitance for the two McMurray-Bedfored half-bridge 
capacitors is the same, i.e. Cl = C2 = C. The inverter inverter with L1 = L2 = L 


of Fig. 8.15 is a voltage-commutated VSI. and C1=C2=C. 
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In a branch consisting of two tightly coupled inductors in series with two thyristors, if 
onp thyristor is turned on, the other conducting thyristor gets turned off. This type of 
commutation is called complementary commutation. As a consequence, inverter shown in Fig. 
8.15 is also known as complementary-commutated inverter. 


The simplifying assumptions are the ‘same as for the inverter discussed in previous 
section. 


The working of this inverter can be explained in different modes as follows : 


Mode |. In this mode, thyristor T1 is conducting and upper de source supplies load current 
I, to the load, Fig. 8.16 (a). As the load current is almost constant, voltage drop across 


commutating inductance L1 [Proportionalto. i] is negligible. With zero voltage drop 
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16. Difterert modes for the inverter of Fig. 8.15. 
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across Li and T1, voltage across.C1 is zero and voltage across C2 is V, because point g is 
now effectively connected to point a through L1 and T1 and lower plate of C2 is connected to 
point f. The equivalent circuit for this mode is as shown in Fig. 8.16 (a). In this figure, voltage 
of node g with respect to point fis V,. The potential of points d and c is the same as that of 
point g with respect to f. In other words, the potential of all the three nodes g, d, c with respect 
to point f is V,; this is shown in Fig. 8.17. 

Mode II. At ¢ = 0 -, thyristor T2 is triggered to initiate the commutation of T1. With the 
turning-on of T2, point d gets connected to e or f, i.e. to the negative supply terminal. Voltage 
across Cl and C2 cannot change instantaneously, therefore a voltage V, appears across L2. 
As Li and L2 are magnetically coupled, an equal voltage is induced across L1 with terminal 
c positive. Voltage vp, across terminals of thyristor T1 can be found by traversing the loop 
bafedc, Fig. 8.16 (5) ; therefore 

: Vv, _ Vz - 
Um = Ue =~ az ~ZtVetV=V, 

This shows that point c is positive with respect to by V, volts, i.e. TL is subjected to a 
reverse voltage of — V, ; it is therefore turned off at t=0+. Load current I, flowing through 
T1 and L1 is at once transferred to L2 and T2 so as to maintain constant mmf (proportional 
to L1, Jy) in the centre-tapped inductor as per the constant flux linkage theorem. Current. 
directions for 7,1, {2 are shown in Fig. 8.16 (c). KVL for the loop consisting of C1, C2 and the 
source V, for this figure gives , 


1f. 1/f. ee 
-@ | i, dt + ror} | ipg dt — V, (voltage across C2) + V, (source voltage ) = 0 or i,; = ig. 


‘KCL at node g in Fig. 8.16 (c) gives 
: ing tig =Ig +1 ‘ 

or ig = tg =1g 

This shows capacitor Cl and C2 both carry current J, at ¢= 0+ . Half of i, flows through 
load’ and the other half through L2 ; same is true for i,9 Fig. 8.16 (c). Now C1 is getting 
charged from zero voltage and at the same time C2 is getting discharged BG at the game 
rate. As capacitor C2 is placed across L2, an oscillating current is set up in the closed loop 
formed by C2, L2 and T2. After one-fourth of a cycle, this oscillating current rises (initial 
value I)) to a maximum value of J, in L2 and T2 and at the same time v,. across C2 falls to 
zero. At this moment, i.e. one-fourth of a cycle after the instant T2 is triggered, KCL at node 
&, Fig. 8.16 (d), gives 

4,1 + igg =I (load current) + J,, (current in L2 and T2) 
- _. _Lot+In 

ae ter = hea =p 


This is shown in Fig. 8.16 (d). The variation of i,,, i.9, iz, and ig from ¢ = 0 tot, is shown 
in Fig. 8.17. 

With the turning on of T2, voltage of node d drops to zero whereas that of node c shoots 
up to 2V, with respect to node f at ¢=0+, Fig. 8.16 (6). From ¢=0 tot,, voltage of node g 
drops to zero in one-fourth of a cycle of V, sin @ ¢. Similarly, voltage of node c reduces from 
2V, to zero at t, in one-fourth of a cycle, Fig. 8.17. 

Thyristor T1 is reverse biased until voltage of node c falls to V,, commutation time for 
T1 is therefore ¢, as shown in Fig. 8.17. ; 


aenewer 
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Fig. 8.17. Voltage and current wave-forms for the inverter of Fig. 8.15. 
For the circuit consisting of C2, L2 and T2, ringing frequency is 


1 
0 TEE 
: date Se 1 2n 
Periodic time To= p= Han VEC 
fo 
To 1% 
n=ge9 ILC 


Here L is the inductance of L2 and C is the capacitance of C2. 
Circuit turn-off time £, < one quarter of a cycle 
or t<ty 
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or h<=<LC 

Mode III. At ¢,, capacitor C1 is charged to supply voltage V, and therefore no current 
can flow through Cl, ie. i.,=0. After one-fourth of a cycle from ¢=0, ie. att), u..=0. Just 
aiter t,, Up +J,,)/2 through C2 tends to charge it with bottom plate positive. As a result, diode 

D2 gets forward biased at t,. Thus, now entire current (J) +Z,,) is transferred to D2 so that 

both i,, =i. =0 just after t; but ipp =I +1, ; this is shown in the equivalent circuit of Fig. 
8.16 (e), Diode current ing =I) +1, is also shown in Fig. 3.17. 

The energy stored in inductor L2 at ¢, is dissipated in the closed circuit made up of L2, 
T2 and D2. At time fo, this energy is entirely dissipated. therefore current i, decays to zero 
and as a result, T2 is turned off at t,, Fig. 8.17. Sometimes, a small resistance is included in 
series with the diode to speed up the dissipation of stored energy in L2. As iz, decays from 
1, at t, to zero at to, igo also decays from J+ 1, at t, to ipg =ig= ab at to 

Mode IV. When the current ip, through L2 and T2 has decayed to zero the equivalent 
circuit is as shown in Fig. 8.16 (f). A load current iy =ipg still continues flowing through the 
diode D2 as ip, during (ts ~ tz) interval, Fig. 8.16 (/). 

Mode V. Finally, load current tg through the diode D2 and load dosage to zero at ts and 
is then reversed. As soon as ip, equal to ip, tends to reverse, D2 is blocked. The reverse bias 


across T2, due to voltage drop in D2 no longer exists. Therefore, thyristor T2 already gated 
during the interval (¢, - ¢,) gets turned on to carry the toad current in the reversed direction 
as shown in Fig. 8.17. The capacitor C1, now charged to the source voltage V,, Fig. 8.16 (e), 
is ready for commutating the main thyristor T2. 

The magnitude of commutating circuit parameters L and C, for minimum trapped energy, 
is given by 


Vt, 
L =2.35 > »-(8.42) 
‘ om 
Tym tq ‘ 
and C=2.35 vv (8.43) 
: s 
where ° t, = thyristor turn-off time. 
and 1, = maximum load current to be commutated. 


8.3.4. Modified McMurray-Bedford Full-bridge Inverter 


A single-phase modified McMurray-Bedford full-bridge inverter can be realized by 
connecting two half-bridge inverters as shown in Fig. 8.18. The various components required 
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are double of those in the half-bridge inverter of Fig. 8.15. The working of this inverter is 
similar to that described for half-bridge inverter in the previous section. For example, for 
mode I, thyristors T1, T2 are conducting and load current flows through V,, Tl, L1, load, L2, 
T2. Voltage across C1, C2 is zero but C3, C4 are charged to voltage V,. For initiating 
commutation of T1, T2 ; thyristors T3, T4 are triggered. This reverse biases T1, T2 by voltage 
~V,, these thyristors are therefore turned off and so on. 


8.4, THREE PHASE BRIDGE INVERTERS 

For providing adjustable-frequency power to industrial applications, three-phase 
inverters are more common than single-phase inverters. Three-phase inverters, like 
single-phase inverters, take their de supply from a battery or more usually from a rectifier. 

A basic three-phase inverter is a six-step bridge inverter. It uses a minimum of six 
thyristors. In inverter terminology, a step is defined as a change. in the firing from one 
thyristor to. the next thyristor in proper sequence. For one cycle of 360°, each step would be 
of 60° interval for a six-step inverter. This means that thyristors would be gated at regular 
intervals of 60° in proper sequence so that a 3-phase ac voltage is synthesized at the output 
terminals of a six-step inverter. 


Fig. 8.19 (a) shows the power circuit of a three-phase bridge inverter using six thyristors 
and six diodes. As stated earlier, the transistor family of devices is now very widely used in 
inverter circuits. Presently, the use of IGBTs in single-phase and three-phase inverters is on 
the rise. The basic circuit configuration of inverter, however, remains unaltered as shown in 
Fig. 8.19 (b) for a three-phase bridge inverter using IGBTs in place of thyristors. A large 
capacitor connected at the input terminals tends to make the input de voltage constant. This 
capacitor also suppresses the harmonics fed back to the source. 


In Fig. 8.19 (a) inverter using six thyristors, commutation and snubber circuits’ are 
omitted for simplicity. It may be seen from Figs. 8.1 and 8.19 that a three-phase, bridge 
inverter consists of three half-bridge inverters arranged side by side. The three-phase load 
is assumed to be star connected. In Fig. 8.19 (a), the thyristors are numbered in the sequence 
in which they are triggered to obtain voltages 0,5, Use» Uca at the output terminals a, b, ¢ of the 
inverter. 


There are two possible patterns of gating the thyristors. In one pattern, each thyristor 
conducts for 180° and in the other, each thyristor conducts for 120°. But in both these patterns, 


Fig. 8.19. Three-phase bridge inverter using (a) thyristors (6) IGBTs. 
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erefore, both these modes require a six step bridge inverter. These modes of thyristor 
conduction are described in what follows : 
8.4.1. Three-phase 180 Degree Mode VSI 


In the three-phase inverter of Fig. 8. 19, each SCR conducts for 180° of a cycle. Thyristor 
pair in each arm, i.e. T1, T4 ; T3, T6 and TS, T2 are turned on with a time interval of 180°. 


pert signals are applied and removed at 60° intervals of the output voltage waveform. 


* 60" 120" 180° 240" 300° 360° G0" 120" 180" 240° 300° 360° 
Sees] 1 | nim im} imi [eimim iv ia | 


H | H I 1 H iIConducting 
56,1! {6.12 11,23 234 3,45) 4561563} 61,2) 1,2,3 aan ane ae thyristors 
H 
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It means that T1 conducts for 180° and T4 for the next 180° of a cycle. Thyristors in the upper 
group, ie. T1, T3, T5 conduct at an interval of 120°. It implies that if T1 is fired at wt = 0°, 
then T3 must be fired at (of = 120° and T5 at wt = 240°. Same is true for lower group of SCRs. 
On the basis of this firing scheme, a table is prepared as shown at the top of Fig. 8.20. In 
this table, first row shows ‘that T1 from upper group conducts for 180°, T4 for the next 
180° and then again T1 for 180° and so on. In the second row, T3 from the upper group is 
shown to start conducting 120°after T1 starts conducting. After T3 conduction for 180°, T6 
conducts for the next 180° ahd again T3 for the next 180° and so on. Further, in the third 
row, T5 from the upper group starts conducting 120° after T3 or 240° after T1. After T5 
conduction for 180°, T2 conducts for the next 180°, T5 for the next 180° and so on. In this 
manner, the pattern of firing the six SCRs is identified. This table shows that T5, T6, Tl 
should be gated for step I ; T6, T1, T2 for step II ; T1, T2, T3 for step III ; T2, T3, T4 for step 
IV and so on. Thus the sequence of firing the thyristors is T1, T2, T3, T4, T5, T6 ; T1, T2.... 
It is seen from the table that in every step of 60° duration, only three SCRs are conducting-one 
from upper group and two from the lower group or two from the upper group and one from 
the lower group. . 

The circuit models for step I-IV are shown in Fig. 8.21. During step I, thyristors 5, 6, 1 
are conducting. These are shown as closed switches and non-conducting SCRs 2, 3, 4 as open 
switches in Fig. 8.21 (a). The load terminals a and c are connected to the positive bus of de 
source whereas terminal b is connected to the negative bus of de source, Fig. 8.21 (a). The 
load voltage is v4, =u,» = V, in magnitude. The magnitude of line to neutral voltage can be 


obtained as under : 


During step I, 0 < wt < z Fig. 8.21 (a), thyristors conducting 5, 6, 1. 


ty OVE 22), 
Current, gate F732 
ge 
2 
The line to neutral voltages are 
.Z_Y,s 
Yao = Yeo = 81 5 = Be 
7 _2y, 
and = Zaz 
*. , s Vi 
The above line to neutral voltages may be written as Uap = 0,9 = 3 and Ugg =— 3: These 


volkages are shown in Fig. 8.20 (a) during step I. For the next step II, the line to neutral 
voltages are as under : 


During step II, as at < = Fig. 8.21 (5), thyristor conducting 6, 1, 2. 


ee 

Current, a=3y 
2V, .2_V, 
f Ug9 = tg Z= 3 5 Von = Yoe = 429 = 3 


or Yao =—g >» Yoo = Yeo =~ 3B 
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These output voltages are plotted. in Fig. 8.20 (a). In this manner, the variation of phase 
voltages Vg», Up: Uy a8 obtained in Fig. 8.21 up to step IV and similarly for other steps, is 
plotted in Fig. 8.20 (a). It is clear that for each cycle of output voltage of each phase, six steps 
are required and each step has a duration of 60°. 


¢ Vao = V,/3 
(b) 60—120° ; 6, 1,2 closed. 


Step II 


c 
(c) 120—180° ; 1, 2, 3 closed. 
Step IV 


{d) 180—240° ; 2, 3, 4 closed. 
Fig. 8.21. Equivalent circuits for a 3-phase six-step 180° mode inverter with a balanced 
star-connected load. 


—— 


' 
Inverters ! (Art. 8.4] 341 


The line voltage v,, =U,, + 0,3 OF Ug =Ugo.— Up, is obtained by reversing u,, and adding it 
to,,U,. as shown in Fig. 8.20 (6). ae line voltages Up. = Ugo — Uco ANA Veg = Veg ~ Vag APE 
plotted in Fig. 8.20 (5). 

The three rows in the top of Fig. 8.20 also indicate the pattern of gating signal waveforms. 
At wt = 2, when i,, is removed, T1 is turned off and simultaneously i,, is applied to turn on 
T4. Similarly, at wt = 21/3, when ing is cut off, T6 is turned off and at the same instant ig is 
applied to turn on T3. Same is true for other thyristors. 

It is seen from Fig. 8.20 that phase voltages have six steps per cycle and line voltages 
have one positive pulse and one negative pulse (each of 120° duration) per cycle. The phase 
as well as line voltages are out of phase by 120°. The function of diodes D1 to D6 is to allow 
the flow of currents through them when the load is reactive in nature. 

The three line output voltages can be described by the Fourier series as follows : 


ae ms ; (8.44) 
n=1,3 vette 
ae (8.45) 
n=1,3,5," 
— AY, 
va® DY —teos a sin n| at + - (8.46) 
n=1,3,5,- é 


For n= 3, cos aR. 0. Thus, all triplen harmonics are absent from the line voltages as 


given by Eqs. (8.44) to (8.46). 

The line voltage waveforms shown in Fig. 8.20 represent a balanced set of three-phase 
alternating voltages. During the six intervals, these voltages are well defined. Therefore, 
these voltages are independent of the nature of load circuit which may consist of any 
combination of resistance, inductance and capacitance and the load may be balanced or 
unbalanced, linear or nonlinear. 


Fourier series expansion of line to neutral voltage u,, in Fig. 8.20 is given by 


2 ¥, 
Ugo = > — sin nwt «(8.47) 
neers 
where k=0, 1, 2,... 


For a linear star-connected balanced load, phase or line currents can be obtained from 
Eq. (8.47). Expressions similar to Eq. (8.47) can be written for v,, and v,, by replacing wt by 
(wt — 120°) and (wt — 240°) respectively. 

In Fig. 8.21, load is assumed star connected and three phase and line voltages are obtained 
as shown in Fig. 8.20. For a delta connected load also, phase or line voltage waveforms 
Uap Vics Yea 28 Shown in Fig. 8.20 would be obtained directly. Therefore, for a linear 
delta-connected load, phase and line currents can be obtained from Eqs. (8.44) to (8.46). From 
Eq. (8.44), rms value of nth component of line voltage is 

Vin= Jeet; 008 ak - (8.48) 
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Rms value of fundamental line — 
| : =5t cos 2 _0.7797V, +(8.49) 


It is seen from line voltage waveform u,, in Fig. 8.20 (a) that. line voltage is V, from 0° 
to 120°. Therefore, rms value of line voltage V, is 


1273 ye . 
Vi= an Vid (an ="V2 V,=0.8165V, (8.50) 
Rms value of phase voltage V, is 
Vv, 
2 (8.51) 


Va 75> ¥y,= = 0.4714 V, 


Rms value of fundamental phase voltage, from Eq. (8.47), is 


= 2¥s «94502 v, - V2 8.52 
Vp yee =O. nd (8.52) 
8.4.2. Three-phase 120 Degree Mode VSI 


The power circuit diagram of this inverter is the same as that shown in Fig. 8.19. For 
the 120-degree mode VSI, each thyristor conducts for 120° of a cycle. Like 180° mode, 120° 
mode inverter also requires six steps, each of 60° duration, for completing one cycle of the 
output ac voltage. 


For this inverter too, a table giving the sequence of firing the six thyristors is prepared 
as shown in the top of Fig. 8.22. In this table, first rows shows that Tl conducts for 120° and 
for the next 60°, neither T1 nor T4 conducts. Now T4 is turned on at wt = 180° and it further 
conducts for 120°, i.e. from wt = 180° to wt = 300°. This means that for 60° interval from 
ct = 120° to wt = 180°, series connected SCRs do not conduct. At wt = 300°, T4 is turned off, 
then 60° interval elapses before T1 is turned on again at wt ='360°. In the second row, T3 is 
turned on at wt = 120° as in 180° mode inverter. Now T3 conducts for 120°, then 60° interval 
elapses during which neither T3 nor T6 conducts. At wt = 300°, T6 is turned on, it conducts 
for 120° and then 60° interval elapses after which T3 is turned on again. The third row is 
also completed similarly. This table shows that T6, T1 should be gated for step I ; T1, T2 for 
step II ; T2, T3 for step III and so on. The sequence of firing the six thyristors is the same 
as for the 180° mode inverter. During each step, only two thyristors conduct for this inverter 
— one from the upper group and one from the lower group ; but in 180° mode inverter, three 
hae conduct in each step. 


The circuit models for steps I-IV are shown in Fig. 8.23, where load is assumed to be 
resistive and star connected. During step I, thyristors 6, 1 are conducting and as such load 
terminal a is connected to the positive bus of de source whereas terminal b is ccunected to 
negative bus of dc source, Fig. 8.23 (a). Load terminal c is not connected to de bus. The line 
to neutral voltages, from Fig. 8.23 (a) are 


V, V, 

Yeo= gr Mob“ 
t Vv, 
or Ybo=— > 


and Veo =O 


sti me 
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Fig. 8.22. Voltage waveforms for 120°mode six-step 3-phase VSI. 
These voltages are shown in Fig. 8.22 (a) during step I of 0° - 60°. For step II, thyristors 
1, 2 conduct and load voltages are v,, = V,/2, Vo = -V,/2 and v,,=0, Fig. 8.23 (6) ; these 
voltages are plotted in Fig. 8.22 (a). This procedure is followed for obtaining load voltages for 
the remaining steps and these phase voltages are then plotted in Fig. 8.22 (a). 


The line voltages 048 = Yao — Yb0 

Vac = Vb0 ~ Yeo 

and Veq = Veo — Yao 
are also plotted in Fig. 8.19 (6). 


It is seen from Fig. 8.22 that phase voltages have one positive pulse and one negative 
pulse (each of 120° duration) for one cycle of output alternating voltage. The line voltages, 


however, have six steps per cycle of output alternating voltage. ; 
As stated before, the three rows in the top of Fig. 8.22 indicate the pattern of gating signal 


waveforms. 
The merits and demerits of 120-degree mode inverter over 180-degree mode inverter are 


as follows : 
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Step I 


Vag = V,/2 
Ugo =— V,/2 and v,,=0 


Vao = V,/2 
(6) 60—120°;1,2closed . Veg =— V,/2 and vy, =0 


Step III 


pq = V,/2 
(c) 120—180° ; 2, 3 closed 


Step IV 


Ugo = V,/2 
(d) 180—240° ; 3, 4 closed Yao =- V,/2 and v,,=0 
Fig. 8.23. Equivalent circuits for a 3-phase six-step 120° mode inverter with balanced 
star-connected resistive load. 


(i) In the 180° mode inverter, when gate signal i,, is cut-off to turn off T1 at wt = 180°, 
gating signal i,, is simultaneously applied to turn on T4 in the same leg. In practice, a 


mae 
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commutation interval must exist between the removal of i,, and application of i,,, because 
otherwise de source would experience a direct short-circuit through SCRs T1 and T4 in the 


same leg. 


This difficulty is overcome considerably in 120-degree mode inverter. In this inverter, 
there is a 60° interval between the turning off of T1 and turning on of T4. During this 60° 
interval, T1 can be commutated safely. In general, this angular interval of 60° exists between 
the turning-off of one device and turning-on of the complementary device in the same leg. 
This 60° period provides sufficient time for the outgoing thyristor to regain forward blocking 


capability. 


(ii) In the 120° mode inverter, the potentials of only two output terminals connected to 
the de source are defined at any time of the cycle. The potential of the third terminal, 
pertaining to a particular leg in which neither device is conducting, is not well defined ; its 
potential therefore depends on the nature of the load circuit. Thus, the analysis of the 
performance of this inverter is complicated for a general load circuit. For a balanced resistive 
load, the potential of all the three terminals is, however, well defined. This is the reason load 
is assumed resistive in Fig. 8.23. For a balanced delta-connected resistive load, the line 


voltages as shown in Fig. 8.22 (6) are obtained directly. 
The Fourier analysis of phase voltage waveform u,, of Fig. 8.22 (a) is 


— 2, 
te= > an 008 “g sinn (ut +2/6) 


n=1,3,5 § 
— 2, 
Similarly, U= Y —*cos . sin n (wt - %/2) 
ned, 8 Sic 
i) ry 
2V, nn. 51 
and ° Ya= de 7 cos “sin n a+ 


- The Fourier analysis of line voltage waveform v,, of Fig. 8.22 (b) is 


va ann(ae§) 
Uap = > sinn | @t+— 

 asoesy 3 
where k=0, 1, 2,3... 


Similar expressions for v,, and u,, can also be written. 


Rms value of fundamental phase voltage, from Eq. (8.53), is 
ee 2 _ 0.3898 V, 
nPp.e Ee 


Rms value of phase voltage, 


2 1/2 
2x/3 
Jee an a ee 
wl (=) ac) =V3 27 = 0.4082 V, 


Rms value of fundamental line voltage, from Eq. (8.56), is 


BV, 
Vi= Jou = 0.6752 V, =V3 V,; 


(8.53) 


(8,54) 


(8.55) 


.-(8.56) 


.(8.57) 


.-(8.58) 


« (8.59) 
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Rms value of line voltage, 


Vv, 
V,=\8 V, = 75-= 0.7071 V, (8.60) 


Example 8.8. A three-phase bridge .nverter delivers power to a resistive load from a 450 
V de source. For a star-connected load of 10 Q per phase, determine for both (a) 180° mode 
and (b) 120° mode, 

(i) rms value of load current 

(ii) rms value of thyristor current 

(iti) load power. 

Solution. For a resistive load, the waveform of load current is the same as that of the 
applied voltage. In view of this, waveforms of phase-load current and thyristor current are 
as shown in Fig. 8.24 (a) for 180° mode operation and in Fig. 8.24 (b) for 120° mode operation. 


(a) (b). 
Fig. 8.24. Pertaining to example 8.8 (a) 180° mode (b) 120° mode. 
(a) 180° mode : Upper waveform of Fig. 8.24 (a) shows that rms value of per-phase load 


current J;, is given by 


eat ee ee] 


_ J <3*(aeao] | = 350 = 18.708 A 


“[[3x1o} “37| 3x10 
Rms value of thyristor current is 


1/2 
1, =|-2{( 49) 20, (2x 450) om 
TL” | Qn || 3x 10 3 “(3x10 3 
=V175 =13.229A 
Power delivered to load 
=32 R=3 (V350)"x 10=10.5kW 
(6) 120° mode : Upper waveform in Fig. 8.24 (b) gives rms value of per-phase load current 
I,, a8 under : 


1/2 
1(_450 Qn} a 
i.+| & 7 iy oa = 837.5 =18.371A 


~ 
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Rms value of thyristor current, 


tH 72 
_[ 1 (450) 2m] _ 
in=|2 trio | * | =12.99A 


Load power = 3.2, R=3 (837.5) x 10 = 10.125 kW 


8.5. VOLTAGE CONTROL IN SINGLE-PHASE INVERTERS 

AC loads may require constant or adjustable voltage at their input terminals. When such 
loads are fed by inverters, it is essential that output voltage of the inverters is so controlled 
as to fulfil the requirement of ac loads. Examples of such requirements are as under : 

(i) An ac load may require a constant input voltage though at different levels. For such 
a load, any variations in the de input voltage must be suitably compensated in order to 
maintain a constant voltage at the ac load terminals at a desired level. 

(ii) In case inverter supplies power to a magnetic circuit, such as an induction motor, the 
voltage to frequency ratio at the inverter output terminals must be kept constant. This avoids 
saturation in the magnetic circuit of the device fed by the inverter. 

The various methods for the control of output voltage of inverters are as under : 

(a) External control of ac output voltage 

(b) External control of dc input voltage 

(c) Internal control of inverter. 

The first two methods require the use of peripheral components whereas the third method 
requires no peripheral components. These methods are now briefly discussed. 

‘8.5.1. External Control of ac Output Voltage 

There are two possible methods of external control of ac output voltage obtained from 
inverter output terminals. These methods are : 

(a) AC voltage control 

(b) Series-inverter control ' 

These are now discussed briefly. 

(a) AC voltage control : In this method, an ac voltage controller is inserted between the 
output terminals of inverter and the load terminals as shown in Fig. 8.25. The voltage input 
to the ac load is regulated through the firing angle control of ac voltage controller. This method 
gives rise to higher harmonic content in the output voltage ; particularly when the output 
voltage from the ac voltage controller is at low level. This method is, therefore, rarely 
employed except for low power applications. 


Constant AC voltage} Controlled AC 
de voltage controller [Ge voltage”| load 
Fig. 8.25. External control of ac output voltage. 


(b) Series-inverter control : This method of voltage control involves the use of two or 
more inverters in series. Fig. 8.26 (a) illustrates how the output voltage of two inverters can 
be summed up with the help of transformers to obtain an adjustable output voltage. In this 
figure, the inverter output is fed to two transformers whose secondaries are connected in 
series. Phasor sum of the two fundamental voltages Vo), Voz gives the resultant fundamental 


voltage Vp) as shown in Fig. 8.26 (6). Here Vy is given by 


1/2 
Vo=[Vér + Veo +2 Vou - Voz cos 8] 
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Constant 
dc voltage} 


(a) (6) 
Fig. 8.26. Series inverter control of two inverters. 

It is essentia] that the frequency of output voltages Vp, Voy from the two inverters is the 
same. When 6 is zero, Vp = Vo, + Vo, and for 6 =n, V,= 0 in case Vo, = Vo. The angle 8 can be 
varied by the firing angle control-of two inverters. The series connection of inverters, called 
multiple converter control, does not augment the harmonic content even at low output voltage 
levels. 


8.5.2. External Control of dc Input Voltage 


In case the available voltage source is ac, then dc voltage input to the inverter is controlled 
through a fully-controlled rectifier, Fig. 8.27 (a) ; through an uncontrolled rectifier and a - 
chopper, Fig. 8.27 (b) ; or through an ac voltage controller and an uncontrolled rectifier, Fig. 
8.27 (c). If available voltage is dc, then dc voltage input to the inverter is controlled by means 
of a chopper as shown in Fig. 8.27 (d). 


Input voltage-control techniques shown in Fig. 8.27, in which dc voltage input to inverter 
is controlled by means of components external to the inverter, has the following main 


advantage. 


Constant [ Fully controll- Fit Controlled 1 t Controlled 
*, ac voltage] ed rectifier ne de voltage yeas ac voltage 
Constant | Uncontrolled Chopper Controlied Controlied 
ac voltage] rectifier dc voltage ac voltage 
Constant _ [AC voltage Uncontrolled Controlled Controtled 
ac voltage |controller rectifier de voltage ac voltage 
Constant Controlled Controlled 
Chopper| 
dc voltage dc voltage ac voltage 


t {d) 


Fig. 8.27. External control of de input voltage to inverter ; (a), (b) and (c) with ac source on the input 
(b) with dc source on the input. 
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;) Output voltage waveform and its harmonic content are not affected appreciably as the 
infer output voltage is controlled through the adjustment of de input voltage to the 
inverter. , 

This method of voltage control, however, suffers from the following disadvantages : 

(i) The number of power converters used for the control of inverter output voltage varies 
from two to three, Fig. 8.27. More power-handling stages result in more losses and reduced 
efficiency of the entire scheme. 

(ii) For reducing the ripple content of de voltage input to the inverter, filter circuit is 
required in all types of schemes shown in Fig. 8.27. Filter circuit increases the cost, weight 
and size and at the same time reduces efficiency and makes the transient response sluggish. 


(iii) As the dc input is decreased, the commutating capacitor voltage also decreases. 


This has the effect of reducing the circuit turn-off time|t =C a the SCR for a constant 
load current. Therefore, for a large variation of output voltage for a constant load current, 
control of de input voltage is not conducive. This difficulty can, however, be overcome by a 
separate fixed de source for charging the commutating capacitor, but this makes the scheme 


costly and complicated. 

8.5.3. Internal Control of Inverter 

Output voltage from an inverter can also be adjusted by exercising a control within the 
inverter itself. The most efficient method of doing this is by pulse-width modulation control 
used within an inverter. This is discussed briefly in what follows. 

Pulse width modulation control. In this method, a fixed de input voltage is given to 
the inverter and a controlled ac output voltage is obtained by adjusting the on and off periods 
of the inverter components. This is the most popular method of controlling the output voltage 
and this method is termed as pulse-width modulation (PWM) control. 

The advantages possessed by PWM technique are as under : 

(i) The output voltage control with this method can be obtained without any additional 
components. 

(ii) With this method, lower order harmonic can be eliminated or minimised along with 
its output voltage control. As higher order harmonics can be filtered easily, the filtering 
requirements are minimised. 

The main disadvantage of this method is that the SCRs are expensive as they must 
possess low turn-on and turn-off times. 


PWM inverters are quite popular in industrial applications, these are therefore discussed 
in detail in the next section. 


8.6. PULSE-WIDTH MODULATED INVERTERS 

PWM inverters are gradually taking over other types of inverters in industrial 
applications. PWM techniques are characterised by constant amplitude pulses. The width of 
these pulses is, however, modulated to obtain inverter output voltage control and to reduce 
its harmonic content. Different PWM techniques are as under : 

(a) Single-pulse modulation (6) Multiple-pulse modulation 

{c) Sinusoidal-pulse modulation. 

In PWM inverters, forced commutation is essential. The three PWM techniques listed 
above differ from each other in the harmonic content in their respective output voltages. 
Thus, choice of a particular PWM technique depends upon the permissible harmonic content 
in the inverter output voltage. 
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"In industrial applications, PWM inverter is supplied from a diode bridge rectifier and an 
LC filter. The inverter topology remains the same as in Fig. 8.2 (a) for.a single-phase inverter 
and in Fig. 8.19 for a three-phase inverter. But now the devices are switched on and off several 
times within each half cycle to contro} the output voltage which has low harmonic content. 


In the following lines, the basic principles of PWM techniques for single-phase inverters 
are illustrated and then the methods of obtaining such output voltages are considered. 

8.6.1. Single-pulse Modulation 

The output voltage from single-phase full-bridge inverter is shown in Fig. 8.28 (a), When 
this waveform is modulated, the output voltage is of the form shown in Fig. 8.28 (6). It consists 
of a pulse of width 2d located symmetrically about x/2 and another pulse located 
symmetrically about 3/2. The range of pulse width 2d varies from 0 to m; 1.2.0 < 2d <n. The 
output voltage is controlled by varying the pulse-width 2d. This shape of the output voltage 
wave shown in Fig. 8.28 (6) is called quasi-square wave. 


Fourier analysis of Fig. 8.28 (6) is as under : 


a n/2+d) av 
(v2-a) Ve Sin nat - d (wt) = aa 


A,= sin sin na| (8.61) 


2 


Positive and ceuaiee half cycles of vg in Fig. 8.28 (6) are symmetrical about x/2 and 
8n/2 respectively. In addition, these half cycles are also identical. As a result, coefficient 
B,,= 0, Thus the waveform of Fig. 8.28 (6) can be described by Fourier series as 


— 4Y, 
U9= an i - (8.62) 
; n=1,3,5 ; 
4V,.. 5. A F i . ; 
or vg= [sind sin wt - 5 sin 3d sin 3 wt + = sin 5d sin 5 aw, venite } (8.63) 


When pulse width 2d is equal to its maximum value of x radians, then the fundamental 
component of output voltage, from Eq. (8.63), has a peak value of 
: 4V, 
Yom = (8.64) 


For pulse width other than 2d =7 radians, the peak value of fundamental component, 
ae 4V, 
from Eq. (8.63), is er sind. 


Vo i 
Vs t \ 
ar 2 078 i 

ot Yonm 4 

Yotm i 

i 

i 

i 


4 


45° 90° 135° 180" 
Pulse width (2d) in degrees —> 


(0) () 
Fig. 8.28. (a), (6) Single-pulse modulation (SMP) (c) Harmonic content in SPM. 
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If nd is made equal to x or a=* or if pulse width is made equal to 2d =@, Eq. (8.62) 


shows that nth harmonic is eliminated from the inverter output voltage. For example, for 
eliminating third harmonic, pulse width of 2d must be equal to 120°. 


The peak value of nth harmonic, from Eq: (8.62), is 


av, 
, Yonm= Gq Sin nd (8.65) 
From Eqg. (8.64) and (8.65), vos = anne (8.66) 
Olm 


In Eq. (8.66), note that v9;,, is the peak value of the fundamental component of rectangular 
voltage wavefrom of width 2d =n. The ratio as given by Eq. (8.66) is plotted in Fig. 8.28 (c) 
for n= 1 (plot of sind), n =8 (plot of sin 3d/3), n = 5, 7 for different pulse widths. It is seen 
from these curves that when fundamental component is reduced to 0.5 for 2d = 60°, the 
amplitude of third harmonic is sin 90 = 0.33. When fundamental component is reduced to 
about 0.143, all the three harmonics (3, 5, 7) become almost comparable to the fundamental. 
This shows that in this method of voltage control, a great deal of harmonic content is 
introduced in the output voltage, particularly at low vutput voltage levels. 


The rms value of output voltage, from Fig. 8.28 (6), is 


1/2 
Vv. 1/72 
ve ml -v,[) A867) 


8.6.2, Multiple-pulse Modulation 

This method of pulse modulation is an extension of single-pulse modulation. In 
multiple-pulse modulation (MPM), several equidistant pulses per half cycle are used. For 
simplicity, the effect of using two symmetrically spaced pulses per half cycle, Fig. 8.29 (a), is 
investigated here. In this figure, pulse width is taken half of that in Fig. 8.28 (6), but their 
amplitudes are the same. This means that rms values of pulses in Figs. 8.28 (b) and 8.29 (a) 
are equal to that given in Eq. (8.67). For the waveform of Fig. 8.29 (a), Fourier constants are 
as under : 


‘ 
A, =2), vp sin nat - d(wt) 


V, - sin not : d(wt) 2 


ane" 
“RI y-am "* 


bes use of factor 2 in the above expression accounts for the two pulses from 0 to m in Fig. - 
8.29 (a) 


(@) (6) 
Fig. 8.29. Symmetrical two-pulse modulation pertaining to MPM. 
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y-a/2 BV, nd 


Vij 
A, = rae |cos n wot[ an ae sin ny sin 2 . (8.68) 


As in Fig. 8.28 (6), B, =0 in Fig. 8.29 (a) also. . 


Therefore, the waveform of Fig. 8.29 (a) can be described by Fourier series as 


8V. ~ nd. 
Uo= > ~—= sin nysin — sin nat +(8.69} 
i wemason™ 2 
8V, 
or Ug= [sin ysin g sin at + : sin 3y- sin 3d sin 3 wt + 2 sin 5ysin ae sin 5wt +. 


-(8.70) 


The amplitude of the nth harmonic of the two-pulse waveform of Fig. 8.29 (a), from Eq. 
(8.69), is 


8v, . . nd 
Une pq Sinny:sin“> (8.71) 

Eq. (8.71) shows ie ee of v, depends upon y and d. This expression also shows 
that when y= : or d=—, © nth harmonic can be eliminated from the output voltage. But this 


has the effect of seauae the fundamental component of output voltage. For example, take 
pulse width 2d = 72° for single-pulse modulation of Fig. 8.28 (6). Then, from Eq. (8.65), the 
peak value of fundamental voltage component is 
F 4V, 
Yom = aa sin 36° = 0.7484 V,. 
For two-pulse modulation and pulse width d = 36°. y in Fig. 8.29 (a), is 
= 180-72 | a 


° 
. 3 = 64! 
orin general. y= 5am a 8.72) 


Eq: (8.72) is valid in case pulses of equal width are symmetrically spaced. Here N is the 
number of pulses per half cycle. 


Eq. (8.72) can also be obtained by referring to Fig. 8.29 (6). For N pulses per half cycle, 
there are (N + 1) intervening equidistant spaces, each of width @, as shown in Fig. 8.29 (b). 


Note that for these equidistant spaces, vp = 0. Total width of these (N + 1) equidistant spaces 
=(N + 1) 0; = (x - width of N pulses) = (x - 2d) 

n-2d 
or 8,= Nel 


Fig. 8.29 (6) shows that 6, = half of the pulse width = £. This figure also reveals that 


y= 8, + 6, 
n-2d d 
or y= Nel HN w(8.72) 


Peak value of fundamental voltage component, from Eq. (8.71), is 
8V, 
Yom = 7 sin 54 sin 18° = 0.637 V,. 


| 
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It.is seen from above that fundamental component of output voltage is lower (0.637 V,) 
for two- pulse modulation than it is for single-pulse modulation (0.7484 V,). It can be shown 
that for a larger value of pulses per half cycle, the amplitudes of lower order harmonics are 
reduced but those of some higher harmonics are increased significantly, But this is no 
disadvantage as higher order harmonics can be filtered out easily. 

_ The symmetrical modulated wave shown in Fig. 8.29 (a) can be generated by comparing 
an adjustable square voltage wave V, of frequency w with a triangular carrier wave V, of 
frequency o, as shown in Fig. 8.30 (6). This comparison is done in a comparator, Fig. 8.30 
(a). In Fig. 8.29 (a), there are only two pulses per half-cycle but in Fig. 8.30 (b), there are 


Carrier signal V,,freq We 
Reference signal Vr, 


Triangular Nel 
wave 


Square 
wave 


" (c) (6) 
’ Fig. 8.30. (a) Pertaining to multiple-pulse modulation (MPM) (b) Output voltage wavefor 
with MPM (c) V, and V, shown on a larger scale. 


four pulses per half cycle. The triggering pulses for thyristors are generated at the points of 
intersection of the carrier and reference signal waves. The firing pulses so generated turn-on 
the SCRs so that output voltage uv, is available during the interval triangular voltage wave 


exceeds the square modulating wave shown in Fig. 8.30 (6). In this figure, f, and f are the 
eee in mt for the carrier signal and reference signal poate This figure reveals 


that 2 aa j and # nm and the number of trigger pulses is 4 x i 4. In general, the number 
c 


of pulses earn per half cycle can be determined from Fig. 8.30 (b) as under : 


For triangular carrier wave, pulse width = i: : 
e 


For square reference wave, width of half-cycle = a 


‘. Number of pulses per half-cycle 
= Number of hil]-tops per half-cycle 
_ Length of half—cycle of square reference wave 
~ Width of one cycle of triangular carrier wave, 
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=f _ fe _% 
ol N= Vf. 7 Of da .. (8.73) 


Note that N in Eq. (8.73) must be an integer. The pulse height of the reference, or 
modulating, signal can be controlled within the range 0 < V, < V, and pulse width td varied 


in the range 0 < ae < a by adjusting the magnitude V, of the reference square wave. The 


pulse width is 2¢/N on the assumption of same rms voltage as in-single-pulse modulation. 
In Fig. 8.30 (6), pulse width 2d/N is given by 
2d _(nx 
N47 


A general expression for the pulse width can be obtained by sketching the first cycle of 
carrier signal on a larger scale as in Fig. 8.30 (c). From this figure, pulse width, in general, 
is given by 


"Bd (Re 
N14 2| (8.74) 
where x, defined in Fig. 8.30 (c), is 
Vv, _V, 
n/2N- x 
or x=. ki 
“DNV. 
From Eq. (8.74), the pulse width is 
ad _(x_x Vr\_(,_Yr\n 
N -(i-k vz -( -V.|N -(8.75) 


In MPM method, lower order harmonics can be eliminated by a proper choice of 2d and 
y. But the rms voltage in Figs. 8.28 to 8.30 is the same, i.e. 


This means that if lower order harmonics are eliminated, the magnitude of higher order 
harmonics would go up. But this is not a disadvantage, as higher order harmonics can be 
filtered out by the use of filters at the output terminals of the inverters. 

8.6.3. Sinusoidal-pulse Modulation (sin M) 

In this method of modulation, several pulses per half cycle are used as in the case of 
multiple-pulse modulation (MPM). In MPM, the pulse width is equal for all the pulses. But 
is sin M, the pulse width is a sinusoidal function of the angular position of the pulse in a 
cycle as shown in Fig. 8.31. 

For realizing sin M, a high-frequency triangular carrier wave u, is compared with a 
sinusoidal reference wave v, of the desired frequency. The intersection of v, and v, waves 
determines the switching instants and commutation of the modulated pulse. In Fig. 8.31, 
Vo is the peak value of triangular carrier wave and V, that of the reference, or modulating, 
signal. 

The carrier and reference waves are mixed in a comparator. When sinusoidal wave has 
magnitude higher than the triangular wave, the comparator output is high, otherwise it is 
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Reference wave, freq. § 


Carrier wave, treq. f. 


Carrier wave, freq. fe 
Reference wave, freq. f 


(6) 
Fig. 8.31. Output voltage waveforms with sinusoidal pulse modulation. 


low. The comparator output is processed in a trigger pulse generator in such a manner that 
the output voltage wave of the inverter has a pulse width in agreement with the comparator 
output pulse width. 


When triangular carrier wave has its peak coincident with zero of the reference sinusoid, 
there are N =f pulses per half cycle ; Fig. 8.31 (a) has five pulses. In case zero of the 
triangular wave coincides with zero of the reference sinusoid, there are (N — 1) pulses per 


half cycle ; Fig. 8.31 (6)"has &- 1} ie. four, pulses per cycle. 


The ratio of V,/V, is called the modulation index (MI) and it controls the harmonic content 
of the output voltage waveform. The magnitude of fundamental component of output voltage 


is proportional to MI, but MI can never be more than unity. Thus the output voltage is 
controlled by varying MI. 


Harmonic analysis of the output modulated voltage wave reveals that sin M has the 
following important features : 

a) For MI less than one, largest harmonic amplitudes in the output voltage are associated 
with harmonics of order f./f+ 1 or 2N + 1, where N is the number of pulses per haif cycle. 
Thus, by increasing the number of pulses per half cycle, the order of dominant harmonic 
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frequency can be raised, which can then be filtered out easily. In Fig. 8.31 (a), N =5, therefore 
harmonics of order 9 and 11 become significant in the output voltage. It may be noted that 
the highest order of significant harmonic of a modulated voltage wave is centred around the 
carrier frequency f, {fin Fig. 8.31 (a), f, = 10). 


: It is observed from above that as N is increased, the order of significant harmonic 
increases and the filtering requirements are accordingly minimised. But higher value of N 
- entails higher switching frequency of thyristors. This amounts to more switching losses and 
therefore an impaired inverter efficiency. Thus a compromise between the filtering 
requirements and inverter efficiency should be made. 


(ii) For MI greater than one, lower order harmonics appear, since for MI > 1, pulse width 
is no longer a sinusoidal function of the angular position of the pulse. 

In addition to the three PWM techniques discussed above, there is another PWM 
technique called multiple-pulse modulation with selective reduction (MPMSR). In this 
technique, the number of M pulse positions in each quarter cycle are so selected.as to reduce 
or eliminate M harmonics from the output voltage waveform [6]. This PWM technique will, 
however, not be discussed here. 

8.6.4. Realization of PWM in Single-phase Bridge Inverters 

The output voltage waveforms shown in Figs. 8.28 to 8.31 reveal that output voltage from 
an inverter is V,, zero or — V,. Such waveforms can be realized in single-phase inverters as 
under : 

(a) Single-phase full-bridge inverter. In the inverter of Fig. 8.2 (a), when + V, is to be 
obtained in the positive half cycle, thyristors T1, T2 are turned on. For obtaining — V, in the 
negative half cycle, thyristors T3, T4 should be turned on. For zero output voltage, i.e. if the 
load is to be short-circuited ; then T1, D3 or T3, D1 from positive group ; or T4, D3 or T2, D4 
from negative group should conduct depending upon the direction of load current. This means 
that for obtaining zero output voltage at the end of each pulse, one of the two conducting 
SCRs'should only be turned off. Under this strategy, only one thyristor need be turned on for 
obtaining the next voltage pulse. Switching on and commutation of thyristors should be so 
arranged as to utilize the thyristors symmetrically. Let us illustrate this with an example. 

Suppose output voltage of pulse width 2n/3 radians is to be obtained in each half cycle. 
This pulse width is symmetrically placed as shown in Fig. 8.32. The waveform of load current 
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Fig. 8.32. Conduction of various components for single-phase bridge inverter of Fig. 8.2 (a). 
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ig is assumed as sketched in Fig. 8.32. It is obvious from these two waveforms that from 
BtoC;T1, T2 should conduct and from E to F ; T3, T4 should be on. : 

From C to D, vg= 0 but current iy is positive. Therefore, from C to D; either T1, D3 or T2, 
D4 should conduct, this is shown in Fig. 8.32. 

From D to E, vg = 0 but ip is negative. Negative current with zero output voltage can exist 
only if T3 or T4 together with one diode are on: When T$ is on, then T3, D1 should conduct 
and with T4, D2 should conduct, Fig. 8.32. 

From F to G, v9 =0, ip is negative. For this ; T4, D2 or T3, D1 should conduct. From 
Dto£, if T3, D1 conduct, then now T2, D4 must conduct in order to utilize the thyristors 
symmetrically. In case T4, D2 conduct from Dto£, then T3, D1 should conduct from 
FtoG. 

From G to H ; T2, D4 or T1, D3 conduct as shown. The conduction from G to H is similar 
to that from A to B. 

It may be observed from Fig. 8.32 that, during one cycle, each thyristor conducts for 
150° and each diode for 30°. 

(b) Single-phase half-bridge inverter. In single-phase half-bridge inverter of Fig. 8.1 
(a), zero value of output voltage cannot be obtained. The output voltage can either be 
V,/2 or - V,/2. In Fig. 8.33, V,/2 from A to B is obtained with T1 on, from B toC with T2 on, 
from C to D with T1 on and so on. For obtaining a symmetrical waveform for output voltage 
ih Fig. 8.33, interval AB = interval DE ; interval BC = interval EF and so on. The output 
voltage can be controlled through the adjustment of width 2d. 


2d 


G 
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7 Fig. 8.33. Output voltage waveform obtained through PWM in half-bridge inverter. 


Example 8.9. A single-phase bridge inverter, fed from 230 V de, is connected to load 
R= 10 Qand L =0.03 H. Determine the power delivered to load in case the inverter is operating 
at 50 Hz with (a) square wave output (b) quasi-square wave output with an on-period of 0.5 
of a cycle and (c) two symmetrically spaced pulses per half cycle with an on-period of 0.5 of a 
cycle. 

Solution. In order to calculate the power delivered to load fairly accurately, harmonics 
up to seventh may be considered. 


at 


(a) Square-wave output : From Eq. (8.26), rms value of fundamental voltage is 


4V, 4x 230_ 
Vor aa ve 20710V 


Load impedance at fundamental frequency is 
Zy = (10? + (2m x 50 x 0.03)7]' = 13.7414 2 
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207.10 
i To = 1g.7q34 7 1307124 
: 4x 230 
an eee 


gy = VIO’ + (Qnx 50x 3x 0.03)" = 29.9906 Q 


Ip, = 89.035 
, 93 29,9906 


Similarly le= eee ole 
’ 05 = Bx nx V2 V10- + (an x 50 x 5 x 0.03) 


920 1 
Ino = ooo A 
07 7x RX VD ~ VIO" + (2m x 50 X 7 x 0.03) Osea 


and 


=2.302A 
= 0.8598 A 


Rms value of resultant load current, 
1/2 
Ig =[Jox + Tos + Jos + Tin] 
Power delivered to load =PR 
= [15.07122 + 2.302” + 0.8598" + 0.4434") x 10 
= 2333.76 W 


(b) Quasi-square wave output : For quasi-square wave or singie-pulse modulated wave, 
use Eq. (8.62), where pulse width, 2d = 0.5 x 180° = 90° or d = 45°. From this equation, rms 


value of fundamental voltage is 
4V, 
Vor==—yg sind = 4X20) sin 45° = 146.423 V 
4 146.423 
In = 13.7414~ 10.6556 A 


__4x230_.. Oa 
Vos Scena in 3x45 = 48.8075 V 


48,8075 _ 
lea 5a gang = DO2744 


ae 4x 230 
Similarly, Iog = Bxnxv 


_ 4280 0 a 
ln= Tyas IX )* 6.707 =-0.3135A 


= (10.6556? + 1.6274? + 0.6079" + 0.31357) x 10 
= 1166.58 W 
(c) For two symmetrically spaced pulses per half cycle, use Eq. (8.69). For this equation, 


ad = 0.5 x 180 = 90° or d=45° and y= 180-90 +45 ~ 52.5%. From Eq, (8.69), rms value of 


i Space a 
sin (5 x 45°) X Go5q994 70-6079 A 


Power delivered to load 


" fundamental voltage is 
8V, . . d_8x230.. 0 ax, 45 
Voi= ze ysing = 5-2 sin 52.5° sin 27 125.755 V 
q 125.755 
! = = 
In= 37414 9.1515A 


8x230, |. ‘sin {42x 3 l= 
Vos= 3xnx V2 sin (52.5 x 3) vin x 3|-48815¥ 


ai 
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' Tog = eet = 1.6277 A 
_ 8x230.. : a 
Io5 = Bxnv sin (52.5 x » sin (22.5 x 5) x 48.1734" 1.575A 


8x230_.. . 1 
Ig7 = Txnxve sin (52.5 x 7) sin (22.5 x 7) x 66.7277 0.0443 A 


Power delivered to load = (9.1515? + 1.6277" + 1.575" + 0.04437) x 10 
= 888.82 W. 
8.7, REDUCTION OF HARMONICS IN THE INVERTER OUTPUT VOLTAGE 


There are several industrial applications which may allow a harmonic content of 5% of 
its fundamental component of input voltage when inverters are used. Actually, the inverter 
output‘ voltage may have harmonic content much higher than 5% of its fundamental 
component. In order to bring this harmonic content to a reasonable limit of 5%, one method 
is to insert filters between the load and inverter. If the inverter output voltage contains high 
frequency harmonics, these can be reduced by a low-size filter. For the attenuation of 
low-frequency harmonics, however, the size of filter components increases. This makes the 
filter circuit costly, bulky and weighty and in addition, the transient response of the system 
becomes sluggish. This shows that lower order harmonics from the inverter output voltage 
should be reduced by some means other than the filter. Subsequent to this, high frequency 
component from this voltage can easily be attenuated by a low-size, low-cost filter. The object 
of this section is to study these methods of reducing low-order harmonics from the output 
voltage of an inverter. 

8.7.1. Harmonic Reduction by PWM 


It has already been discussed that when there are several pulses per half cycle, 
lower-order harmonics are eliminated. Fig. 8.34 illustrates output voltage waveform that can 
be obtained from a single-phase full-bridge inverter. This waveform can also be obtained from 
a single-phase half-bridge inverter, but then the amplitude of voltage wave would be V,/2. 
The waveform of Fig. 8.34 needs ten commutations per cycle (= 360°) instead of two in an 
unmodulated wave. The voltage waveform of Fig. 8.34 is symmetrical about 7 as weil as 
n/2. 


Fig. 8.34. Harmonic reduction by PWM in single-phase inverter. 
As this voltage waveform has quarter-wave symmetry, B, = 0. 


12 
A, =f Vv, |i sin nat -d (wef sin nat - d (at) af sin not -d wo] (8.76) 
% Oy 


Boe —2cos tug Bees} G76) 
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i" third and fifth harmonics are to be eliminated, then from Eq. (8.76), 
4V, [1-2 cos 3 a, +2 cos 3 O 
: eel a. =0 


4V,[ 1-2 cos 5a, + 2cos 5 
and Ag = [ severe “0 
T 5 
or é » 1-2 cos 80, + 2 cos 30) =0 
and 1~2 cos 5a, +2 cos 50, =0 


The above two simultaneous equations can be solved numerically to calculate , and 
under the condition that 0<0,<90° ando,<a,<90°. This gives o= 23.62° and 
Qy = 33.304". 

With these values of 04, G2, the amplitudes of 7th, 9th and 11th harmonics, from Eq. 


(8.76), are as under : 


4v, 


i : 
Az= Ps [1 -2cos 7 x 23.62 + 2 cos 7 x 33.304] = 0.31555 V, 


4V, 
Ag= tr [1 —2 cos 9 x 23.62 + 2 cos 9 x 33.304] = 0.5202 V, 


4V, 
and Vy= qx {1 —2 cos 11 x 23.62 + 2 cos 11 x 33.304] = 0.3867 V, 


The amplitude of the fundamental component for these values of a and a is 


AV, : 
A,= = [1-2 cos 23.62 + 2 cos 33.304] = 1.0684 Vv, 
The amplitude of the fundamental component of unmodulated output voltage wave is 


ay, 
Ain = = 1.27324 V, 


¢ In terms of the fundamental component of unmodulated voltage wave, the amplitude of 
7th, 9th and 11th harmonics are respectively 24.78% (= 0.31555 x 100/1.27324), 40.86% and 
30.37% but third and fifth harmonics are eliminated from the inverter output voltage wave. 
The amplitude of the fundamental voltage is 83.91% or 0.8391 times the. amplitude of 
fundamental component of unmodulated voltage wave. Thus, with this method of harmonic 
reduction inverter is derated by (100-83.91) 16.09%. Another disadvantage of this method is 
that there are additional eight commutations per cycle and this leads to more switching losses 
in fthe thyristors. 
8.7.2. Harmonic Reduction by Transformer Connections 
Output voltage from two or more inverters can be combined by means of transformers to 
get a net output voltage With reduced‘harmonic content. The essential condition of this scheme 
is that the output voltage waveforms from the inverters must be similar but phase-shifted 
from each other. Fig. 8.35 (a) illustrates two transformers in series. Their output voltages, 
Vo, from inverter 1 and Ugg from inverter 2, are shown in Fig. 8.34 (6). Here vo2 waveform is 
taken to have a phase shift of x/3 radians with respect to vp, waveform as shown. The 
resultant output voltage vp is obtained by adding the vertical ordinates of vp; and Up, It is 


seen that vy has an amplitude of 2 V, from ze tT, = to 2n and so on. Note that shape of the 


output voltage wave Up is a quasi-square wave. 


, 
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(a) i (b) 
Fig. 8.35. (2) Harmonic reduction by transformer connections () Elimination of third 
and other triplen harmonics. 


The Fourier analysis of waveforms vg, and Ug2 gives 


4, sles 1. i 
Ya= sin wt +5 sin Sut + 5 sin but + 7 sin Tur + ... 
A n)\ 1. n) 1. t 
Ya= > vin we—}+ J in ex 5)+ 5 sin or— 5 


1 =. t 
+7 sin 7 [« - 5} | 
The resultant voltage up is 

V9 = V1 + Yor 


_4V, : n) 1... mn) 1... nt 
== 1G [nin on —§) + in (Sor $+ sin otf] (8.77) 


The expression for resultant voltage uy as given above can be obtained from v9; and Ug. 
analytically or graphically. The summation by graphical method is carried out as under : 


An examination of the expressions for vo, and vg. reveals that for the fundamental 
rcqushey ; Voz lags Vo, by 60°, this is shown in Fig. 8.36 (a). The resultant of V); and Vo. 
must be V3 times Vo; (or V2) and at the same time, the resultant lags Vo, by 30°. Net value 
of fundamental frequency voltage must, therefore, be associated with V3 sin (wt — 1/6). For 


Vo! 


aK a Vos 
Freq. © Freq. 30 Freq. 50 Freq. 70 
(a) (5) (c) (d) 


Fig. 8.36. Pertaining to the summation of first, third, fifth and seventh harmonic voltages. 
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third harmonic, Vy) lags Vy, by 180°, Fig. 8.36 (8), their resultant is therefore zero. For fifth 
harmonic, Vey lags Vp, by 300° or Vo» leads Vy, by 60°, sce Fig. 8.36 (c) ; its resultant is V3 
times Vg, or Vgo and it leads Vp, by 30°. Thus, the resultant of fifth harmonic voltage must 
be associated with V3 sin (wt 42/6). Similarly, resultant of seventh harmonic voltage must 
be associated with V3 sin (wi - 1/6), Fig. 8.36 (d). 

_ It is seen from Eq. (8.77) that third and other triplen harmonics are eliminated from net 
output voltage wave. The amplitude of fundamental component of up is 


4V, 
Voi = = V3 


In case output voltages U9), Up from inverters 1 and 2 has no phase shift, then amplitude 
of the fundamental voltage wave is 8 V,/n. This shows that with phase shift, the amplitude 
4V, cy 
of the fundamental voltage is = V3 x oe = 3 times the amplitude of fundamental voltage 
3 
with no phase shift. With this method of harmonic reduction, there is thus a derating of 


8V, E 
rae : v.81 3 
a 100 = (: - 7] 100 = 13.4% 
I 
n 

in their net output power so far as fundamental component is concerned. The degree of 
derating with this method is, however, less than that obtained in PWM harmonic reduction 
method. 

The disadvantage of this method of harmonic reduction is the need for more number of 
inverters and transformers of similar ratings. ' 

8.7.3. Harmonic Reduction by Stepped-wave Inverters 

In this method, pulses of different widths and heights are superimposed to produce aa 
resultant stepped wave with reduced harmonic content. Fig. 8.37 illustrates two stepped-wave 
inverters fed from a common de supply. The two transformers used have different turns ratio 
from primary to secondary. In this figure, the turns ratio from primary to secondary is 
assumed three for transformer 1 and unity for transformer 2. 


m2 w wt 


Inverter 
Ht 


Fig. 8.37. Harmonic reduction by stepped Fig. 8.38. Waveforms for stepped-wave 
wave inverters. inverters. 
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The inverter J is so gated that its output voltage is vp, a8 shown in Fig. 8.38 (a). During 
‘the first-half cycle, output voltage level is either zero or positive. During second half cycle 
(not shown in the figure), the output voltage would be either zero or negative. This output 
voltage waveform is given the name two-level modulation. 

For inverter II, the triggering is so arranged ‘as to give output voltage vp, as shown in 
Fig. 8.38 (6). It is seen from vg. waveform that the level of output voltage is positive, negative 


' or zero during the first half cycle, this inverter has therefore three-level modulation. The 


resultant output voltage from a series combination of inverters I and II is obtained by 
superimposing the waveforms of Figs. 8.38 (a) and (b). This summation depicted in Fig. 8.38 
(c) shows that the amplitude of output voltage is 4 V, and waveform has four steps. Fourier 
analysis of Fig. 8.38 (c) would give harmonics whose amplitudes would depend upon the values 
of d,, do, d3,d, and amplitude of vo. By a proper choice of these parameters ; third, fifth and 
seventh harmonics can be eliminated or attenuated considerably and the fundamental 
component optimised. 

Note that it is the three-level modulation of second inverter that helps in achieving the 
required wave-stepping of the resultant output voltage waveform. 


8.8. CURRENT SOURCE INVERTERS 

So far, voltage-source inverters have been discussed. In these inverters, input voltage is 
maintained constant and the amplitude of output voltage does not depend on the load. 
However, the waveform of load current as well as its magnitude depends upon the nature of 
the load impedance. 3 

In the current-source inverters (CSIs), input current is constant but adjustable. The 
amplitude of output current from CSI is independent of the load. However, the magnitude of 
output voltage and its waveform output from CSI is dependent upon the nature of load 
impedance. The de input to CSI is obtained from a fixed voltage ac source through a controlled 
rectifier bridge, or through a diode bridge and a chopper. In order that current input to CSI 
is almost ripple free, L-filter is used before CSI. 

ACSI converts the input de current to an ac current at its output terminals. The output 
frequency of ac current depends upon the rate of triggering the SCRs. The amplitude of ac 
output current can be adjusted by controlling the magnitude of dc input current. 

A CSI does not require any feedback diodes, whereas these are required in a VSI. 
Commutation circuit is simple, as it contains only capacitors. As power semi-conductors in a 
CSI have to withstand reverse voltage, devices such as GTOs, power transistors, power 
MOSFETs cannot be used in a CSI. 

The CSIs find their use in the following applications : 

(i) Speed control of ac motors 
Gi) Induction heating 
(iii) Lagging VAr compensation 
(iv) Synchronous motor starting. 

In this section, first basic principles of single-phase CSI are considered. Then single-phase 
force-commutated and auto-sequential commutated CSIs are described. 

8.8.1. Single-phase CSI with Ideal Switches 


A single-phase CSI with ideal thyristors is shown in Fig. 8.39 (a). Here a thyristor is 
assumed an ideal switch with zero commutation time. Positive directions for load voltage 
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Fig. 8.39. (a) Power ae diagram and (6) waveforms for an os single-phase CSI. 
vo and load current ip are indicated in Fig. 8.39 (a). The source consists of a voltage source 
E and a large inductance L in series with it. The function of high-impedance reactor in series 
with voltage source is to maintain a constant current at the input terminals of CSI. In other 
words, de input current J to CSI is constant as shown in Fig. 8.39 (6). 

In Fig. 8.39 (a), when T1, T2 are on, load current ip is positive and equal to J. When T3, 
4 are on, load current ig is negative and equal to — J as shown in Fig. 8.39 (6). The output 
frequency of i) can be varied by controlling the frequency of triggering the thyristor pairs T1, 
72 and T3, T4. It is seen from Fig. 8.39 (6) that output current iy is a square wave of amplitude 
equal to the de input current 1. ‘ 

Assume that load consists of a capacitor C. It is known for a capacitor that 


. | do 
ig=C at 
du 
As i, is constant, slope h must be constant over every half cycle. This slope is positive 


from zero to T/2 and negative from T/2 to T. On this basis, waveform of load voltage up is 
drawn in Fig. 8.39 (6). The input voltage to the CSI, i.e. vj, is positive when T1, T2 conduct 
and lit is negative when T3, T4 conduct. Note that waveshape of v,,, can be drawn by referring 
to the waveform of vo. For f= 1/T as the frequency of output voltage or current, input voltage 
v;, has a frequency of 2f, this is revealed by an examination of Fig. 8.39 (5). 

The de current I, input to CSI, is always unidirectional. If average value of v;, is positive, 
power flows from source to load. In case average value of v,, is negative, power flows from 
load to source, i.e. regeneration of power takes place. 


In a practical inverter, the load current waveform is not a square wave owing to the fact 
that’ rise and fall of current can’t be instantaneous as shown in Fig. 8.39 (6). On account of 
finite commutation time, a practical inverter has finite times for the rise and fall of current. 
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CSIs may be load or force.commutated. Load commutation is possible when load pf is 
ledaing. For lagging pf loads, forced-commutation is essential. Here single-phase CSIs using 
fofced commutation are studied. Use of commutating capacitor is an important feature of 
force-commutated CSIs. x 


8.8.2, Single-phase Capacitor-Commutated CSI with R Load 


As stated above, all force-commutated CSIs need capacitors for their commutation. Here 
the term ‘capacitor commutated’ is used just to distinguish this CSI from other CSIs. 


Power circuit diagram for a single-phase CSI with resistive load R is shown in Fig. 8.40 
(a), The source for this inverter is a constant but adjustable de current source. Capacitor C 
in parallel with the load is used for storing the charge for force-commutating the SCRs. The 
thyristors T1 to T4 are the four power switches. These SCRs are gated in pairs ; Tl, T2 
together by gating signals i,, iggand T3, T4 by i,g, tg4 aS shown in Fig. 8.41. Positive directions 
for load current iy and load voltage vy are marked in Fig. 8.40 (a). 


T1243 Thebes T1 Tbe 73,741 
(b) 


(e) (d) 
Fig. 8.40. (a) Power circuit diagram of 1—@ CSI with R load (6) AC output current waveform 
(c) Equivalent circuit of Fig. (a) for 0 <¢ < T/2 and (d) Equivalent circuit of Fig. (a) for T/2 <t<T. 


Before ¢ = 0, let the capacitor voltage be v, = - Vj, i.e. capacitor has left plate negative and 
ight plate positive in Fig. 8.40 (a). When T1, T2 are gated at ¢=0, the capacitor voltage v, 
derecs biases conducting thyristors T3, T4 ; these are therefore commutated immediately. 
The source current I now flows through T1, parallel combination of R and C and through T2. 
From zero to 7/2, in, =iz,=1, output current i,,=J ; capacitor voltage vu, changes from 
~ V, to V, through the charging of C by current i,. Note that here load voltage v9 = v,. Thus, 
v 

z = R has the same nature as that of v,, see Fig. 8.41. When T3, T4 are 
gated at t= T/2,u,=V, reverse biases Tl, T2 ; these are therefore turned-off immediately. 


he source current low flows through T3, parallel combination of R,C and T4. From 
T/2 oT, izg = ig = +I but i,,=—I. The variation of ac current i,, is shown in Fig. 8.40 (6). 


the waveform of ip = 


Under steady state operation of the CSI, various current and voltage waveforms are 
sketched in Fig. 8.41. At t=0, when the capacitor is charged with voltage v.-—V,, then 
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‘ 4 : 
-V, and load current ig =- z =—1,, From t=0toT/2, capacitor charges from 


1 
T Ue vy Vy eae de ay 
~V,toV, Therefore, at ¢ = D0-R “RR =). This is shown in Fig. 8.41. Input voltage 


U,, = Uy from ¢t = 0 to T/2 whereas v,, =~ vy from T/2 to T. 


It is seen from Fig. 8.40 (2) that when T1, T2 are conducting for 0 <¢< 7/2, currents 
i,;ig are leaving the node A and current J is entering the node A. Therefore, equivalent circuit 


for Fig. 8.40 (a) for O<t< fr may be drawn as shown in Fig. 8.40 (c). KCL at node A in Fig. 


2 
8.40 (a) or at node b in Fig. 8.40 (c) gives 
ioti,=T 
or i, =I ig 
"* ignigat 
aaa pee 
ig3,iga 4 | i : | 


T1,T2 —»-e— 


yop © 


innite j i : 
' L— 13,74 en eer 13,14 —o| 


v at Vv, 
ots - ty, V4 


1 13 71 3 
T2 T4 T2 Té 


Fig. 8.41. Current and voltage waveforms for single-phase CSI with R load. 


Inverters [Art. 8.8] 367 


At t =0, ig =- 1), therefore, i, =1+1,. Just before T/2, ig =1,, therefore i, =1 — 1). This is 


shop in Fig. 8.41. 
ust after 7/2, when TI, T2 are off and T3, 4 are conducting, currents ig, i, will continue 
flowing in the same direction. As such, all the three currents ip, i,, 7 enter the node B in Fig. 
8.40 (a). This gives the equivalent circuit of Fig. 8.40 (d). KCL at node b of this figure gives 
igti,+1=0 

or ' i,=-I-ig 

At t=T7/2, ig=+), therefore, i, =-I-1,=- ([+1]). This is shown in Fig. 8.41. 

At t=T,ij=-;, therefore, i, =-I+I,=-€ -],) and so on. 


Voltage across thyristor T1 is zero when T1, T2 are on. At T/2, when T3, T4 are turned 
On, Up, = Upg =~ Ve =— Vp =Vj_ from T/2 to T. These waveforms are sketched in Fig. 8.41. 


Analysis. From 0 <t < T/2, equivalent circuit for the CSI of Fig. 8.40 (a) is as shown in 
Fig. 8.40 (¢). The capacitor is initially charged to a voltage - V;. Traversing the closed path 
a bed a, we get “4 ‘ 


Riy-& Ja-igat+o,=0 (8.78) 
Differentiation of Eq. (8.78) with respect to time gives 
di, i 
dig od 
dt Cc C 
Complementary function of the solution is obtained form force-free equation 


al 1 
' (Pe+g}to=0 or D=— RG 


1). 
or [e+ ahiene .. (8.79) 


L=Ae VRE 
cp 
For particular integral, put p = 0 in Eq. (8.79) 
2 = - or ig=l 


Thus, complete solution for load current ig, from Eq. (8.79), is 
ipePL+C.F=l+Ae * _..(8.80) 


Under steady state operation, the load current at t=0, from Fig. 8.41, is ig=-h,. 
Therefore, from Eq. (8.80), 


-[,=I+A 
or Az=-U+1]) 
ae ial +ye 
or ig= te VRS) — 1 PF (8.81) 
for 0<t<T/2. 


; As only steady solution is desired, current iy at t = T/2 becomes J, Substitution of these 
values in Eq. (8.81), gives 
I=10-¢ T/ARC) _ J, eF/2RC 
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-T/2RC 
or T,=1 Fcc 
‘ 
2RC 
Substitution of 7, from Eq. (8.82) in Eq. (8.81), gives 


y-e 7? 7 


-(8.82) 


=lif 


>» 1 or T>RC 


a - 7RC, 
ip =I(1-e 1-1 ae 
en RC 


1+ exp (- T/2 RC) 
The output voltage vo, or capacitor voltage v, is given by 


or ion? -2 |. 


P e /RC 
Up =0,=Rig=RI 1-2 | 


The turn-off time ¢, provided by the circuit to each SCR is obtained from the condition 
that when ¢ =¢,, vp =U, = ip = 0. Therefore, from the above equation, 


: e t./RC 
Uo =U, = igR = RI 1-20 
or exp (-t,/RC) = é (1 + exp (~ 7/2 RC] 


1+exp:(-7/2 RC) 
The average value of the input voltage V;,, is obtained from the equation 


or t,=RC In Femara (8.84) 


V, 


a 


T/2 
1 FI 
7a), Rat 


—_ taf ot 
j 2 e RC 
=FR | p-2 dt 


l+e° oR¢ 
_ = _ ARC (1— exp. (~ T/2RC) 
or V,,=IR [2 rT (i tex. Tae | «»(8.85) 


When input power V,, :J is positive, power is delivered to the load. 


Design considerations. (i) It is seen from Eq. 
(8.84) that as 7 is reduced (e.g. with T = 0, t, = 0), or 
inverter frequency is increased, t, reduces. But the 
circuit commutating time ¢, should not be less than 
the SCR turn off time t,, This means that there is 
an upper limit to the inverter frequency beyond 
which inverter SCRs will fail to commutate. 

(ii) When T is large or inverter frequency 
(= 1/7) is low, the plot of ig, or vo, versus time t, from 
Eq. (8.83), becomes flatter as shown by dotted curve 


in Fig. 8.42. As this curve shapeisnearertoasquare Fig. 8.42. Waveforms for 1-phase CSI 
with R load 
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wave, it can be inferred that for low inverter frequencies, inverter has square wave output 
for load current ip or load voltage uy, ' 


When T js small, or inverter frequency is high, waveform of ug, or ig is shown by full-line 
curve in Fig. 8.42. As this full-line curve is closer to a sine wave, it can be said that for high 
inverter frequency, CSI has sinusoidal waveshape for output load current or load voltage. 


(iii) Square-wave current. It has been found that for obtaining square wave of the load 


. T 
current, RG? 5.00. 


If t, is the turn-off time for the SCRs used in the CSI, then from Eq. (8.84), 


tg= RC In 2. = RC In2-=0.69 RC 


+e 
. t 
ee 
or C= 069R .- (8.86) 
foo ae = F 
For ORC 5 or for T=10 RC, maximum frequency, 
fnux™ 5" ORG 
max~ T 10RC 


Substituting the value of C from Eq. (8.86), 


fnx" TSR, ty 


‘ Gv) Sinusoidal wave output. For obtaining sinusoidal waveshape for load current, 
frequency domain analysis shows that capacitive reactance X, at 3 times the minimum 


frequency f,,;, should be less than R/2, i.e. 


; X, at 8 fin S = 
or - quer oe 
or . B37 fnin“C > 
or re «(8.87 


8.8.3. Single-phase Auto-sequential Commutated Inverter (1-phase ASCI) 


Out of the force-commutated current source inverters, auto-sequential commutated 
inverter is the most popular. Though three-phase ASCI is the universal choice in industrial 
applications, here only single-phase ASCI is presented so as to highlight the basic concepts 
of this type of inverter. 


Fig. 8.43 (a) shows a single-phase bridge inverter with auto-sequential commutation. A 
constant current source I feeds the load which is assumed here an inductance L for simplicity. 
Thyristor pairs T1, T2 and T3, T4 are alternatively switched to obtain a nearly square wave 
load current. Two commutating capacitors, one C1 in the upper half and the other C2 in the 
lower half are connected as shown. In Fig. 8.43 (a), diodes D1 to D4 are connected in series 
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(a) (b) 
Fig. 8.43. (a) Single-phase bridge auto-sequential commutated inverter with L load (6) Mode I. 


with each SCR to prevent the commutation capacitors from discharging into the load. The 
inverter output frequency is controlled by adjusting the period T through the triggering 
circuits of thyristors. The operation of this inverter can be explained in two modes as under. 


Mode I. In the beginning, i.e. before t = 0, assume that T3, T4 are conducting and a steady 
current J flows through the path T3, D3, L, D4, T4 and source J as shown in Fig. 8.43 (a). 
The commutating capacitors are assumed to be initially charged equally with the polarity as 
shown in Fig. 8.43 (a), i.e. v,, =U; =— V.o. This means that both capacitors C1 and C2 have 


right hand plate positive and left hand plate negative. 


At time t = 0, thyristors T1, T2 are gated. The thyristor pair T3, T4 is turned-off by the 
application of reverse capacitor voltages. Now paiy T1, T2 conducts current J. The path for 
this current J is through Tl, C1, D3, L, D4, C2 and T2 as shown in Fig. 8.43 (6). Both the 
capacitors will now begin charging linearly from — V.» by the constant current J. The diodes 


D1, D2 remain reverse biased by V, initially. The voltage vp, across D1, when it is forward 
biased, can be obtained by traversing-closed path abcda as 
1 ‘“ 
ag Jrat=0 
Note that voltage across L is zero because of constant current J. 


Upi + Veo — 


wn = Vigt 2 frat (8.88) 


\4s the capacitor charges, voltages up; across D1 rises linearly. Eventually, at some time 
t,, reverse bias across D1 vanishes, vp, becomes zero and diode D1 starts conducting. An 


equation, identical to Eq. (8.88), holds good for diode D2 also. Actually, D1 and D2 start 
conducting at the same instant t, The time for which D1, D2 remain reverse biased is obtained 


from Eq. (8.88) by equating vp, = 0. 
2 
; ; 0 == Vio + Fol 
or t= = Vig . (8.89) 


It, 
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The capacitor voltage v,,=U.=U, appears as reverse voltage across thyristors T3, T4 
ma T1, T2 are gated. The value of v, is given as 


: Ue, = Vey =e =— Veg + & J It 


Its value at time t, is Ug = U9 = Ue (Ey; =- Vor BI ty 
Substituting the value of #; from Eq. (8.89) in the above expression, 


. afc ; 
Uey = Veg = Ue (£1) =— Vio + for (s ¥.o}e 0 
This means that voltage across C1, C2 varies linearly from ~ V,9 to zero in time t,, Mode 
I ends when t =, and uv, = 0. Note that ¢, is also the circuit turn-off time for thyristors of Fig. 
8.43. 
Mode II. Diodes D3, D4 are already conducting, but at t=, diodes D1, D2 get forward 
biased and start conducting. Thus, at the end of time ¢;, all four diodes D1, D2, D3 and D4 
* conduct. As a result, commutating capacitors now get connected in parallel with the load as 
shown in Fig. 8.44 (a). For simplicity in analysis, Fig. 8.44 (a) is redrawn as shown in Fig. 
8.44(b) where two parallel capacitors C1 and C2 are combined into one as C (= C/2+ C/2). 
In this figure, KCL gives Tah 
I+ig=t, (=i,y + tg) 


ey ee age or 
As Yer = Hear Yer = hea = 5 he 


2 A dig 1f. 
For this figure, KVL gives, L+4Ji,-de=0 


dig 1 5 
or LS+kfarijdt=o 
@iy ip 1 
peri Urge oe fy . 305 
or a +o C 8.90) 
For solving Eq. (8.90), the initial conditions at ¢=0 are 
: di, 
ig=Z and a =0 


(a) (6) «) 
Fig. 8.44. Equivalent circuits for 1-phase ASCI with lead 1. 
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It should be noted that in Eq. (8.90), time ¢ is measured from the instant D1, D2 begin 
conduction, i.e. time ¢ for mode II is measured from the instant mode I is over. 


"In Eq. (8.90), for particular integral 


or bys = 


and for complementary function, 


) 
or Lp” + a =0 
Cc 
This gives p=- as =-0 =/'we 
or p=tjuy 
1 


where . = Fe 
: digg = Ael0! + Be“! 
The total solution for the current is obtained by adding i,, and i,, 
te tg(t) = bgg + top 
‘ =—1+ Aci! + Bei! (8.91) 


At t=0, ig=l 

ee T=-1+A+B 
or A+B=2 (8,92) 

di, : 
At t=0, S°=0, from Hq, (8.90), 
i dig F ia 
at = jw Ae!’ — jar) Be =0 

or JO (A - B)=0 
or (A-B)=0 (8.93) 

From Eqs. (8.92) and (8.93), A= B= 

jont , ~J@yt 

From Eq. (8.91), it)=-1+ 21 [A |-m cos ) ¢ — 1) (8.94) 

Now capacitor current, i,=I+ig=2I cos @t (8.95) 

The voltage across capacitor is 

a1f; ae seksi ; 
w=2 Ji d= OC SiN yt « (8.96) 
This expression for v, can also be obtained as 
dig : 
ue= up aL = La: 2 sin Wt 
21 pean 
But ba a a 


abbas 
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7 2b 
s. Y= OC SiN Wt (8.96) 
Also v= 2h VEC sin wt = 2 -NE7C sin yt (8.97) 
From Eq. (8.95), ie =ig=} i, = 1 c05 et (8.98) 


The existence of various currents icy, ica, ip, etc. is marked in Fig. 8.44 (c). Diode currents 
are given by 


ing = ig, = 1 cos Mot 
and ip, =I ig, =J (1 -— cos mgt) for O<ti<'t, 
As current ig, tends to reverse, diode D3 prevents its reversal. Similarly, diode D4 
prevents the reversal of current ico, 
From the initiation of mode II, a time t, must elapse for the current ic, to become zero. 


This time ¢, can be obtained by equating ic, to zero. 


iq, = 1 cos Mota = 
or COS Wot = COS A 
or, ty = oy (8.99) 


The capacitor voltage uv, at the end of mode II, Le. at t=ty ore can be obtained from 
: 0 


Eq. (8.96). 
y 2h 
cm @C 
Load current at t= ty is ig = 22 cos 7 -I=-I. This shows that load current has reversed 


from +I to—I during mode II of t, duration. 


The ‘Waveforms for Ue» ig, icy, ip, ete. are plotted in Fig. 8.45. It is seen from the waveform 
for v, that capacitor voltage changes by 2 V., during each commutation interval. 


The total commutation interval t, from Eqs. (8.89) and (8.99) is given as 


c nt 
tat tth=o7 Veo + Fay, +(8.100) 
It is seen from Eq. (8.96) that v, is maximum and equal to V,. when Wot = n/a 
2r 
Vo" a6 
c C 2 Awe 
From Eq. (8.89), =o Veo = oy” GC 7 a ILC 


Therefore, commutation interval from Eq. (8.100) is 


t= Ca = [+ s)te (8.101) 
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~t 
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T2 fired T4 tired 72 fired 


Fig. 8.45. Voltage and current waveforms for 1-phase ASCI. 


At the end of total commutation interval (t; + ¢2), the steady input current I flows through 
T1, D1, load L, D2 and T2. This constant current continues to flow till the next commutation 
process is initiated by gating SCRs, T3 and T4. 

Example 8.10. A single-phase autosequential commutated current source inverter feeds 
a load R. Describe its working with appropriate circuit and waveforms. Find also the circuit 
turn-off time for the thyristors. , 

Solution. For the circuit diagram, replace L by R in Fig. 8.43 (a). In other words, Figs. 
8.43 and 8.44 are being used here to describe the working of this inverter with R as load in 
place of L. Working of this inverter is explained in two modes as before. 

Mode I: Initially, it is assumed that T3, T4 are conducting. Aconstant current J is flowing 

through the path T3 D3 R D4 T4 and the source I. Capacitors are initially charged so that 
U,1 =U +— Veo. Voltage across load is IR=V.o. 
When T1 T2 are turned on at t= 0, T3 T4 are turned off by the reverse voltage V., 
appearing across them. Current I now starts flowing through T1 C1 D3 R D4 T2. Capacitor 
voltages v,, and U,» start rising from — Vig towards zero. If vp, is the forward voltage drop 
across D1, then KVL for the loop abcd in Fig. 8.43 (6), (with L replaced by R), gives 


voit Veo- J Tdt-IR=0 
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ori vp =-Vag+iR+21f at 


2 

But VaoIR, 2 vp = Zt at. 

Diode D1 will start conducting when vp, becomes zero. If t, is time after which up, = 0 
and D1 begins conduction, then vp, = 0 = é It, = 0 or t, = 0. This means that when T1 T2 are 
turned on, T3 T4 are turned off immediately and diodes D1 D2 start conducting at the same 
time. In other words, all the four diodes start conducting as soon as T1 T2 are turned on. 


Mode i: 
With all the four diodes on, the equivalent circuit is shown in Fig. 8.44 (a) which is 
simplified to that given in Fig. 8.44 (6), (with L replaced by R). In this figure, KCL gives 
IT+ig=i, 
KVL for the loop consisting of R and C gives 


ag dif. 
Rigt BJ idt=0 


ere : 
Rint BJ C+igat=0 


. Rao" c 
Its particular integral gives the steady-state solution as i, = I. For transient part of the 
solution, proceed as under : 


1), io 
[r+ g}i=0 or P=-RE 
iA en URC 


Total solution for load current is ip=i,+i,=-1+A @ 7° 


When ¢ = 0, initial current through R is ip =I, -. A=27 


=. Load current, ige- T+ 2D VRC aT (Qe FO -1) wl) 
Capacitor current, i,=I+ig=2le URC 

ini ; ier VRC Gi) 
Diode D1 current, ipp=l-ig = Q-e PY (iii) 
Capacitor voltage v= aa i: dt= 2 fr en RC. ae 

=-Bewne. (RO) +k 
or v= Re + k=-2Vige +k 

When t = 0, initial voltage across capacitor is v,, =— Vo, this gives k=Vio. 

Vey = Veg [1-2 67 PY (iv) 


When T1 T2 are on ; U,1, U2 appear as reverse bias across T3, T4 respectively. Therefore, 
circuit turn-off time ¢, for T3, T4 (or for any thyristor in Fig. 8.43 with R.as the load) can be 


obtained from Eq. (iv) by putting v,; = 0. 
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igt tat 


wher =te2 ty 


etepeoNs 


Fig. 8.46. Pertaining to Example 8.10. 


“ 0 = Veg [1-2 FY 
or t,=RCIn2 ' w(v) 

From above, waveforms for v,, from Eq. (iv), ip from Eq. (i), i.) =i,9 from Eq. (ii) and ip; 
from Eq. (iii) are plotted in Fig. 8.46. It is seen from Eq. (iv) that v,, will change from — V,9 
at t=0 to + V, after an infinite time. But it is usual to take that in time 4 RC, v,, varies 
from - V,o to + V9 as shown in Fig. 8.46. 

Example 8.11. A single-phase auto-sequential commutated CSI is fed from 220 V de 
source. The load is R=109. Thyristors have turn-off time of 20 us and inverter output 
frequency is 50 Hz. Take a factor of safety of 2. 


‘Determine suitable value of source inductance assuming a maximum current change of 
0.5 A in one cycle. Neglect all losses. Find also the values of commutating capacitors. 


Solution. Time of one cycle, T= ; = Bo sec 
0. 


-. Rate of change of current, # = on = 0.5 x 50 = 25 A/sec 


Ashort circuit at the load terminals of the inverter puts the most severe conditions on 
the source. So the value of source inductance must be obtained from these considerations. 
di 


Vj=LG 
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o re inductance, L= a =88H 
From the previous example, from Eq. (v), circuit-turn-off time is given by 
_ & =RCIn2 
or 20x 2x 10°°=10-CIn2 
40x 10°° 
or © C= 10 in2 =5.77 uF. 


8.9. SERIES INVERTERS 


Inverters in which commutating components are permanently connected in series with 
the load are called series inverters. The series circuit so formed must be underdamped. As 
the current attains zero value due to the nature of the series circuit, series inverters are also 
classified as self-commutated inverters or load-commutated inverters. These inverters operate 
at high frequencies (200 Hz to 100 kHz), the size of commutating components is, therefore, 
small. These inverters are used extensively in induction heating, fluorescent lighting etc. 


The object of this section is to describe single-phase series inverters. 


8.9.1. Basic Series Inverter 


The circuit diagram for a basic series inverter is shown in Fig. 8.47. It consists of load 
resistance R in series with commutating 


components L and C. The values of L and C +n = ix in2 


are so chosen that the series RLC circuit 
forms an underdamped circuit. Two 
thyristors T1 and T2 are turned on 
appropriately so that output’ voltage of 
desired frequency can be obtained. 


When thyristor T1 is turned on, with T2 
off, current i starts building up in the RLC 
circuit, Fig. 8.48. As the circuit is 
underdamped ; the load current, after 


‘reaching some peak value, decays to zero at 


point a, Fig. 8.48. At point a, as the load Fig. 8.47. Basic series inverter. 
current tends to reverse, SCR T1 is turned 
off. After instant a, some minimum time ¢,.,,;, must elapse for T1 to regain its forward 


ee capability. This minimum time is given by 
..(8,102) 


where = output frequency in rad/sec 
and’ ,=circuit ringing frequency in rad/sec. 

In Fig. 8.48, time interval between the instant T1 is turned off and the instant T2 is 
turned on is indicated by T,g=ab, where Tyy> ty. min- After thyristor Tl has commutated, 


upper plate of capacitor attains positive polarity. Now when T2 is turned on at instant b, 
capacitor begins to discharge and load current in the reversed direction builds up to some 
peak negative value and then decays to zero at instant c. After this, time T,,-= cd must elapse 
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Fig. 8.48. Load current waveform for basic series inverter of Fig. 8.47. 


for T2 to recover. At d, T1 is again turned on and the process repeats. In this manner, dc is 


converted to ac with the help of series inverter. 


The capacitor etores charge during one half cycle and releases the same amount of charge 
during the next half cycle. As a consequence, the positive half cycle of current is identical 


with the negative half cycle of load current. 
8.9.2. Analysis of Basic Series Inverter 


' With T2 off, the voltage equation for the series circuit of Fig. 8.47, when T1 is turned on, 


is given by 
risL%s+Jiatey, 
dt C . 
With zero initial conditions, its Laplace transform is 
1)Y 
10 [R+le+|=7 
1 
or I()=F 
Lok, 1 
s+ 8+TG 
2 
2,8 ,,1. wa fk) 1 
The roe ces +7 Stzqz 0 are s= ant (i) ie 


As the circuit is underdamped, V () “ig must be negative, i.e: | 


R 1 4L 
Vie) -z8 <0or Ra 


where 5-H, o, = is 


«(8.103) 


(8.104) 


’ 


c ; 


! 
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UIf @ = Te then , = VaR = & or @)= Wore €, Therefore, from Eq. (8.104), 


eek ‘a 
O= 7 |@+E-Fa) 6+E+F@) 
Let 5 i —~= As + Ls 
@+e-jO)(StEtjJ,) Sth-JO, st+§+jo, 
From above, An and Be 
: 2j ©, 3j ©, 
vy, 1 1 1 
10% galatia aera 
fee & ee ee 
“LE @,|(6+8" +0, 
V, 
Its Laplace inverse is i (¢)= as = -e%.sino,t ..(8.105) 


‘ine plot of this current shows that load current i(t) will be zero when o,f=% or 


t=— sec. This is shown as oa = Zin Fig. 8.48. 
o, ®, 


Time period of oscillation, oa = Ee=(RAbA -.(8.106) 
1/LC - (R/2L)2 
‘Ou 2 a Sey 
Output frequency, f DeatT 
1 
= (8.107) 


+2T. 
Vivie-rvay™ 


It is seen from Eq. (8.107) that output frequency can be controlled by varying (i) Toy, (ii) 
R, (iit) L or (iv) C. In any case, output frequency f cannot be more than the ringing frequency 
i 1 


fet Tors nie f. 
2m V1/LC -(R/2L) 


From Eq. (8.105), the voltage across inductance Lis 


y-bdat TA [eo cost be ¥ sing, t] 
et [w, cos @, ¢-§ sin @, 4] 
Ws VaEE | gop ge es ot ghraina 
22 ¥ LOTTE loos y 0s 0, £—sin v sin & 4 
=V,-2.e¥- cos (a, t+ ¥) (8,108) 


380 {Art. 8.9] Power Electronics 


where @) = resonant frequency = Vor + & and w=tan"! [é) 5 
r cf 
see Fig. 8.49. SE é 
6 
The voltage across capacitor Cis 
=V.-up-1 : 
verte 7 My . Fig. 8.49. Pertaining to 
ay 8 Hee _y 0-8, ringing frequency , and 
v= V, o, L e* sina, t-V, ©, e cos. (@, t+ y) damping ratio E. 
1 Re. @ 
-v,1-2.Be ¥ sino, t~7"e Hens(o,t+y)| 
R 
But L =2& 
fi eB 12h Mo boat) 
v, vi} e {2s op Et cos (@, ¢ + y) 
[, eg M0 f2e.. 
=V,{1-e%.— sin w, ¢ + cos (@, ¢ + : 
‘| {Fis escm eto] 
ev,{1 ~e #2 (asin ysin t+ cos (a, + v)} 
L a 
=V,|1-e7% - 722 sin ysin @, t + cos w, t cos y — sin @, t sin y 
8 a, v vr 
[,_--&,% 
=V,}1-e7¥ -— cos (w, t- (8.109) 
| 0, (, v| 


Example 8.12. In a self-commutated SCR circuit, the load consists of R = 10 Q in series 
with commutating components of L = 10 mH and C= 10 uF. Check whether the circuit will 
commutate by itself when triggered from zero voltage condition on the capacitor. What will be 
the voltage across the capacitor and inductor at the time of commutation ? 


‘ di 
Find also at at t=0 


3 
Solution. Here R? = 10 x 10= 100; & 2 iE = 4000 


As R’< s, the circuit is underdamped. Therefore, the series circuit will commutate on 

its pwn when triggered from zero. voltage condition on the capacitor. 
Also ~ 2 _ 10x 1000 _ 59 

0 = pz = VIO" = 3.1628 x 10° rad/see 

1/2 
o, = Yah —E? =[10" 2.5 x 10°] = 3.1225 x 10° rad/sec 
y=tan”?(5 |= tan“? {— 50° _ | 9.097" 
@, 3.1225 x 10 


The load current is zero, i.e. SCR will commutate when o, ¢=17 
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or See 
i = 3.1225 x 1000 

Et = 500 x 1.006 x 10° * = 0.503 

From Eq. (8.108) the: voltage across L at the time of commutation is 
vy = V,- S78E3 695 cos (180° + 9.097") 

=~ 0.60472 V, 
From Eq. (8.109), the voltage across C at ‘the time of commutation is 
=V, Vine = 0 x 05 3.1628 oo (180° - 9. 097| 


= 1.006 ms 


1225” 


= 1.60472 V, 
The voltage across capacitor can also be obtained as under. Note that up = 0 at the time 


of commutation. 
=V,- 0 - (- 0.60472) = 1.60472 V, 


os of 
u,=V,-UR- p= 


iV, 
From Eq. (8.105), Gat -¥ @ cos @,t-§e7 #. sina, t] 


iL 10x 10-8 


i V, V, 
L (@). $-—__£_- = 100V, A/s 
=0 
Example 8.13. Calculate the output frequency of a series inverter with the following 


“| "2c 


’ parameters : 
Inductance I. = 6 mH, didaeiians C=1.2 microfarad, load resistance R = 100 ohms, 


Tap = 0.2 ms. 
If the load resistance is varied from 40 to 140 ohms, find out the range of output frequency. 
{LA.S., 1986] 


Solution. From Eq. (8.106), the time period of oscillation is given by 


t__—y= = 172 = 1000 (5am 70877 ms 
VI/LC-(R/2L) [10x 10° 100? x 10° ees 
6x1.2 4x 36 


| From Eq. (8.107), the output frequency, 
10° 
f= Qarixa+axoa ~ 800-55 He 


‘ When R = 40 Q, output frequency 
: 5 1 = 1046.2 Hz. 
= +0.4x103 


[ace x 10° 1600 x 10° 


[6x12 4x36 


When R = 140 Q, output frequency 
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= mr = 239.8 Hz 
* t04x10% 
[+2 x10° 140? x ae 


6x12 4x 36 
.. Range of output frequency = 239.8 Hg to 1046.2 Hz 


8.10. SINGLE-PHASE PARALLEL INVERTER 

The basic inverter circuit for a single-phase parallel inverter, utilizing capacitor for its 
commutation, is shown in Fig. 8.50. It consists of two thyristors Tl and T2, an inductor L, 
an output transformer and a commutating capacitor C. The transformer turns ratio from each 
primary half to secondary winding is assumed unity. The output voltage and current are 
Uo and iy respectively. The function of L is to make the source current constant at Ip. Positive 


directions for voltages and currents are marked in Fig. 8.50. 


N2 ig 
pe: 


Fig. 8.50. Single-phase capacitor commutated parallel inverter with centre-tapped transformer. 


The operation of this inverter can be explained in some well-defined modes as under : 

Mode I: In this mode, thyristor T1 is conducting and a current flows in the upper haif 
of primary winding. This current establishes magnetic flux that links both the halves of 
primary winding. As a result, an emf V, is induced across upper as well as lower half of 
primary winding. In other words, total voltage across primary winding is 2V,. This voltage 
charges the commutating capacitor C to a voltage of 2V, with upper plate positive as shown 
in Fig. 8.51 (a). Thyristor T2 is forward biased through T1 by the capacitor voltage 2V,. 
Eventually, a steady state current J) flows through V,,Z,T1 and upper half of primary 
winding. 

Mode II : At time ¢ = 0, thyristor T2 is turned on by applying a triggering pulse to its 
gate. At this time ¢ = 0, capacitor voltage 2V, appears as a reverse bias across T1, it is therefore 
turned off. A current J, begins to flow through T2, lower half of primary winding, V, and L 
as shown in Fig. 8.51 (6). At the same time, capacitor voltage 2V, is applied across the 
transformer primary and a capacitor current — i, is established. Negative sign before 7, means 
that current i, flows opposite to its positive direction assumed in Fig. 8.50. Before T2 is on, 
i.e. at t= 0—, mmf in upper primary winding is J, N, and zero in the lower primary winding. 
Soon after T2 is on, i.e. at f= 0+, mmfs linking both upper and lower halves cannot change 
suddenly. Therefore, at f = 0 +, — i, = Iy such. that mmf in the lower half remains zero and mmf 
in the upper half is equal to mmf at t = 0-.. After t= 0+ , capacitor C discharges and current 
i, is such that it supplies the load current i) and balances the primary and secondary ampere 
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(a). (b) 
Fig. 8.51 (a) Mode I, t < 0; (6) Mode II, t=0+ 


Fig. 8.51 (¢) Mere Il, t) st < 7/2 (d) Mode III, 2 after t= 7/2. 
turns of the transformer. Capacitor current continues flowing till capacitor has charged from 
+ 2V, to — 2V, at time t =t,. Load voltage also changes from V, at t= 0 to -V, at t=1,, Fig. 
8.52 (c) and Fig. 8.53. 
Mode II : When capacitor has charged to - 2V, with upper plate negative and lower 


plate positive, SCR T1 may be turned on at any time. In Fig. 8.51 (d), T1 is triggered at 
t= 1/2. Capacitor voltage 2V, applies a reverse bias across T2, it is therefore turned off. After 


T2 is off, capacitor starts discharging as shown in Fig. 8.52 (d), Current i, is now positive. 
Mmibfs in the upper and lower halves remain unchanged from their values just before 
T/2, When i, decays to zero, 0, = + 2V,, 9 = V,, in =o = V,/R, Fig. 8.52. 

The waveforms for u,, U71, Up etc are shown in Fig. 8.52. Att=0+, when T2 is turned on; 
Up, = — 2V,, tp = — Ip, iy = 0 and ig = Ip as shown. As the turns ratio from whole primary to 
secondary winding is 2, the load voltage has half the amplitude of capacitor voltage. However, 
the load voltage has the same waveform as the capacitor voltage, see Fig, 8.52. 

‘8.10.1. Analysis of Parallel Inverter 

In Fig. 8.51 (6), the secondary mmf must be balanced by the primary mmf at any time ¢. 
It is seen from this figure that net current in the lower primary half is (Io - i.) upward and 
in the upper primary half is i, downward. 
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Fig. 8.52. Waveforms for currents and voltages pertaining to single-phase parallel inverter. 
Secondary mmf = mmf in the lower primary half + mmf in the upper primary half. 


do-it) Ny-t. M1 


ig Np 


Load or secondary current, 


But. 
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di 
Me, ie [o- 20<% jt ra 48.110) 


Also, load voltage vp =igR. This voltage when referred to whole primary is 


ink : 
=e (2M) (8,111) 


Substituting the value of ig from Eq. é 110) in Eq. (8.111), we get 


dt |N. ~ No 
C -2C a pe fi j 
ro x =n, then a =Iy-2C ate 
4RC 2% 


Its particular integral is, Vp,.=357A = x a —= 


Its complementary function is, 
2 


aaa 
Vor =Ae te 


21,R - set . 
v,=—y—tAe Ae (8.112) 
n? t 


2 
Here as =R (x) is the load resistance referred to one half of the primary winding. Jy is 


the current in this load when ann =0. 


.. 2, (resistance referred to one half of primary winding) = 2V, 


21)R 
or z= 2V, 
n 


With this, Eq. (8.112) becomes 
sas 
u,=2V,+Ae *RC 
At t=0, V,=2V,, «. 2V,=2V,+A. But this gives redudant solution.’ 


At t=7/2, voltage across capacitor becomes opposite to what it is at ¢ = 0, This fact can 
be expressed as 
fv, at t= 0} =- [v, at t= 7/2] 
rea 
or 2V,+A=-2V,-Ae BRC 


386 = {Art. 8.10] Power Electronics 


-4V, 
or hes 
\ lee" T/8RC 
‘ f 2 nr t/ARe 


v,=2V,;1-—** ip AB.113) 
: 1+exp a y 


2 
For practical circuits, exp [- al <<1. 


[ : mal 
v, = 2V,}1-2exp|- jaa ..(8.114) 
iE 4RC 


In Fig. 8.52, v, at ¢=0 is 2V,. But in Eq. (8.114) ; at t=0, vu, =-2V,. In order that Eq. 
(8.114) is compatible with the waveform for v, in Fig. 8.52, we re-write Eq. (8.114) as 


f: 2 
0, =2V, |2 exp [- =) 1] 48.115) 


It is seen from the waveform of v, and uy, in Fig. 8.52 during the interval ¢ = 0 to t= ty 


that vp, =- 0, = 2V,|1—- exp _ at | Circuit turn-off time z, is the time taken by v7; to 


become zero from its initial value of — 2V,. Therefore, 


ate 
vp, = 2V,{1-e od 


2 
t 
or : ae =In2 
ae t, Mine (8.116) 


Also, comfautating capacitance, 


n°-t, 
, (8.117) 


Eq. (8.116) reveals that for a given value of load resistance, the value of capacitor should 
be so selected as to give adequate circuit turn-off time ¢, for the off-going thyristor. In Eq. 
(8.116), t, > tog Where toy is the thyristor turn-off time. It is seen from Kq. (8.117) that if load 
resistance is small, size of capacitor required is large. 

Example 8.14. In a single-phase capacitor commutated parallel inverter using two 
thyristors and a center-tapped transformer, the source voltage is 220 V de. The 
centre-tapped transformer has a turns ratio from each half primary winding to secondary 
winding of 3 : 1. For a load resistance of 20 Q, find the value of capacitor C to obtain 20 
ps turn-off time on the thyristor. Assume the inductor L large and transformer ideal. Take 


factor of safety as 2.° 


2. 
Solution. From Eq. (8.115), v,=2V, [2 exp [- ie] 2 7 


Here n=, Circuit turn-off time t, = 2 x 20 = 40 ps 


3 |. 
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tT circuit turn-off time is obtained when v, reduces to zero from 2V,. This gives 


‘ n't 


PROBLEMS 


8.1, (a) What is an inverter ? List a few industrial applications of inverters. 

(6) What are line-commutated inverters ? How do they operate ? Explain the difference between 
line-commutated and force-commutated inverters. 

(c) What are the two main types of inverters ? Distinguish between them explicitly. 

8.2. (a) Describe the working of a single-phase half-bridge inverter. What is its main drawback ? 
Explain how this drawback is overcome. 

Discuss how output power in'single-phase full-bridge inverter is doubled than that of a single-phase 
half-bridge inverter. 

(b) What is the purpose of connecting diodes in antiparallel with thyristors in inverter circuits ? 
Explain how these diodes come into play. 

8.3. A single-phase full-bridge inverter may be connected to a load consisting of (a) 
R (6) RL or RLC overdamped (c) RLC underdamped. For all these loads, draw the load voltage and load 
current waveforms under steady operating condition. Discuss the nature of these waveforms. Also 
indicate the conduction of the various elements of the inverter circuit. 

Is it possible for this inverter to have load commutation ? Explain. 

8.4. For a single-phase full bridge inverter, V, = 230 V de, T= 1ms. The load consists of RLC in 
series with R= 129, wl =89, 3,72. 

(a) Sketch the waveforms for load voltaife vg, fundamental component of output current ip, source 
current i, and voltage across thyristor 1, Indicate the devices that conduct during different intervals of 
one cycle. Find also the rms value of fundamental component of joad current. 

(b) Find the power delivered to load due to fundamental component. 

(c) Check whether forced commutation is required or not. 

[Ans, (a) 132.586 A (0) 21094.8 W (c) Itis required.] 


8.5 (a) Write Fourier series expression for the output voltages and currents obtained from single- 
a io half-bridge and full-bridge inverters. 

(b) Asingle-phase bridge inverter is fed from 230 V de. In the output voltage wave, only fundamental 
component of voltage is considered. Determine the rms current ratings of an SCR and a dicde of the 
bridge for the following types of loads : 

@R=22 (i) ab =22 

Find also the repetitive peak voltage that may appear across a thyristor in parts (2) and (ii). 

[Ans. (i) 73.211 A, zero A, 230 V (Gi) 51.776 A, 51.776 A, 230 vi 

8.6 (a) A single-phase full bridge inverter is connected to a de source of ¥,. Resolve the cutput 
vpltage waveshape into Fourier series. 

(b) A single-phase full-bridge inverter delivers power to RLC load with R=3Q and X,=122. The 
bridge operates with a periodicity of 0.2 ms. Calculate the value of C so that load commutation is 
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achieved for the thyristors. Turn-off time for thyristors is 12 us. Factor of safety is 2, Assume the load 
current to contain only the fundamental component. {Ans. (b) C = 2.148 uF) 
| 8,7. A single-phase full-bridge inverter feeds power at 50 Hz to RLC load with R=50Q,L703H 
and C =50 uF. The de input voltage is 220 V de. 

(a) Find an expression for joad current up to fifth harmonic. Also, calculate : 

(b) power absorbed by the load and the fundamental, power, 

{c) the rms and peak currents of each thyristor, 

(d) conduction time of thyristors and diodes if only fundamental component were considered. 

(Ans. (a) 9.036 sin (at ~ 80.72°) + 0.357 sin (3 wt — 88.90°) + 0.122 sin (5 wt ~ 89.38°) 
\ (b) 204.54 W, 204.12 W (c) 9.044-A, 4.522 A (d) 5.513 ms, 4.487 ms] 

8.8. Describe modified McMurray half-bridge inverter with appropriate voltage and current 
waveforms. The total commutation interval may be subdivided into certain well-defined modes for the 
purpose of explaining its operation. 

8.9. (2) For a modified McMurray half-bridge single-phase inverter, find an expression that gives 
the circuit turn-off time for the main thyristor in terms of load current, peak capacitor current etc. 

Discuss how commutating circuit components can be designed on the basis of minimum commuta- 
tion energy. The relevant voltage and current waveforms must be drawn. 

(b) A single-phase modified McMurray inverter is fed by a de source of 230 V. The dc source voltage 
may fluctuate by + 25%, The load current during commutation may vary from 20 to 80 A. If thyristor 
turn-off time is 20 psec, calculate the values of C and L. Use a factor of safety of 2. 

Also, obtain the value of resistance that gives critical damping. 

[Ans. (6) 16.547 pF, 34.1896 pH, 2.875 Q) 


8.10. Describe modified McMurray-Bedford half-bridge single-phase inverter with relevant voltage 
and current waveforms. The working of this inverter may be explained in certain well defined modes. 
Enumerate thp simplifying assumptions made. 

‘ g.11. Discuss the principle of working of a three-phase bridge inverter with an appropriate circuit 
diagram. Draw phase and line voltage waveforms on the assumption that each thyristor conducts for 
180° and the resistive load is star-connected. The sequence of firing of various SCRs should also be 
indicated in the diagram. 

_ 8.12. Repeat Problem 8.11 in case each thyristor conducts for 120°. 

8.13. Repeat Problem 8.11 in case load is delta-connected. 

8.14. A star-connected load of 15 Q per phase is fed from 420 V de source through a 3-phase bridge 
inverter. For both (a) 180° mode and (6) 120° mode, determine 

G) ‘rms value of load current 
Gi) rms value of thyristor current 
(iii) load power. _ {Ans. (@) 13.2 A, 9.333 A, 7840.8 W (6) 11.43 A, 8.083 A, 5879.02 W] 

8.15. (a) What is the need for controlling the voltage at the output terminals of an inverter ? Describe 
briefly and compare the various methods employed for the control of output voltage of inverters. 

(b) For the series-inverter control of voltage, two single-phase inverters are connected in series. 
Each inverter has output voltage of 400 V and each transformer has primary to secondary turns ratio 
of 1/2. Calculate the resultant output voltage from this scheme in case firing angles for the two inverters 
differ by 30° $ [Ans: (6) 1545.48 V] 

8.16. (a) What is pulse width modulation ? List the various PWM techniques. How do these differ 
from each other ? 

(b) For a single-pulse modulation used in inverters, show that output voltage can be expressed as 

— 4V, 
v= Db a -sin = sin nd sin not where 2d is the pulse width. 
n=1,3,5 
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Von ‘ 
Sketch the variation of iad as function of pulse width 2d. Here vonm is the peak value of nth 

: ‘olm ' 
harmonic component and vp1,, that of the fundamental component. 


(c) A single-phase full bridge inverter has rms value of the fundamental component of output 
voltage, with single-pulse modulation, equal to 110 V. Compute the pulse width required and the rms 


value of output voltage in case de source voltage is 220 V. (Ans: (c) 67.471°, 134.693 VI 
8.17. For a single-phase bridge inverter, source voltage is 230 V de and the load is series RLC with 
R=10,0L = 2 and + = 1.52. The output voltage is controlled by single pulse modulation and the 


pulse width is 120°. Determine the magnitude of rms values of fundamental, third, fifth and seventh 
harmonic components of the output current. 
Also, find the power delivered to load. (Ans: 160.43 A, zero, 3.6786 A, 1.8537 A, 25754.7 W1 
8.18. (2) For the symmetrical two-pulse modulation shown in Fig. 8.29, prove that 
(i) the magnitude of nth harmonic voltage is 


8V. sin n’ sin 22 
7 v 2 


®) nel tN 
where N = number of pulses per half cycle. 

(b) Describe how multiple-pulse modulated wave can be generated from carrier and reference waves. 
Hence show that 


(i) number of pulse per half-cycle, N= = 
ee ee ad _(, Vr) x 
(ii) pulse width, V7 1- v. N 


‘ 


where V, and V, are the amplitudes of carrier and reference signals respectively. 
8.19. Explain sinusoidal-pulse modulation as used in PWM inverters. Discuss the conditions under 


which the number of pulses generated per half cycle are for G- i} Here f, and fare the frequencies 


of carrier and reference signals respectively. 

8,20..A single-phase bridge inverter feeds power to a load of R = 12 Q and L = 0.04 H from a 400 V 
de source. If the inverter operates at a frequency of 50 Hz, determine the power delivered to load for 
(a) square wave operation (b) quasi-square wave operation with an on-period of 0.6 of a cycle {c) two 
symmetrically spaced pulse per half cycle with an on-period of 0.6 of a cycle. 

(Ans. (a) 5285.56 W (6) 3400.96 W (c) 2706.34 Wi 


8.21. (a) For harmonic reduction in single-phase inverters, two identical transformers are used in 
series. If their rectangular output voltage waveforms are shifted from each other by 120°, then sketch 


Fig. 8.53. Pertaining to Problem 8.21 ( 
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these voltage waveforms and their resultant waveform on the assumption that transformer secondary 
voltages oppose each other. Find also an expression for the net output voltage as a function of time. 
Hence find the percentage derating of the inverter so far as its fundamental power component is 
cerned. : 
(b) A single-phase full bridge inverter has waveforms for its output voltage vg and output current 
ig as shown in Fig. 8.53. Explain and indicate the devices that conduct in the various intervals 


thi hout thi le. : 4V, te aft : 
OMEN Sane [ans (a) vg= = v8 sin [= + sy} 2 sin [r= - 3} 3 sin [r= + }+} 18.4% 


(6) T4D2, DID2, T1T2, T1D3, T2D4, D3D4, T3T4, T3D1, T4D2 ete 
or T3D1, D1D2, T1T2, T1D3, T2D4, D3D4, T3T4, T4D2, T3D1 ete. 


8.22. The stepped wave output voltage waveforms of Figs. 8.54 (a) and (6) are to be obtained by 
the series cascading of two stepped-wave inverters. Describe how these wave-forms can be realized. 
Illustrate your answer with appropriate waveforms through the use of two-level or three-level modula- 
tions. For Fig. 8.54 (a) and only two-level modulations for Fig. 8.54 (8). 


2 7 2 7 
(@) (6) 
Fig. 8.54. Pertaining to Problem 8.22. 


8.23. (a) A single-phase CSI is fitted with ideal SCRs. Describe its working when its load is a 
capacitor C. Show that the frequency of input voltage to CSI is twice the frequency of triggering the 
thyristors. ‘ 

(b) A single-phase CSI (with ideal switches) has the following data : 

1=30A, f=500 Hz, Load capacitance = 20 pF 
For this inverter, calculate 
(i) the circuit turn-off time. 
(ii) the peak value of reverse voltage that appears across thyristors, Ans. (6) 500 ps, 500 V) 
8.24. (a) Describe a single-phase capacitor-commutated CSI connected to load R with the help of 
its power circuit diagram and waveforms for gating signals, load current, capacitor voltage and current, 
input voltage and voltage across one thyristor. 
From the equations governing its performance, show that load current is given by 
—_ exp. (-¢/RC) 
iget[t—2 1+ B= | 
_ (b) A single-phase capacitor-commutated CSI connected to load F has the following data : 
R=40Q0, C=50yF, f= 500 Hz, Source current = 40A : 
For this CSI. 
(i) obtain an expression for the output current as a function of time and find its value at 
t=0andt=7/2, 
(ii) find the circuit turn-off time, 
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(iii) compute the average value of input voltage and the power delivered to load. 
a fAns. (6) 40 [1 ~ 1.245 exp. (- 500 #)],- 9.8 A, 9.8 A; 438.14 ps ; 32.52 V, 1300,8 W) 


8.25. Describe a single-phase auto-sequential commutated CSI with L load. Write appropriate 
expressions governing its performance and prove therefrom that total circuit turn-off time for this 
inverter is given by , 


te=(1+§) EC 


Waveforms for gating signals, capacitor voltage and current and Joad current should also be 


sketched. Find also the circuit turn-off time for each thyristor. fAns. ¢, for each thyristor = NEC) 
8.26. A single-phase ASCI has the following data : 
Load inductance, L = 4 yH, Source current = 20 A 


‘Time during which four diodes conduct = 10 ps 

For this CSI, determine 

(a) the value of commutating capacitance, 

(6) the total commutation interval 

(c) the maximum capacitor voltage and : 

(d) the circuit turn-off time for each thyristor. [Ans. 10.132 pF, 16.366 ps, 25.133 V, 6.366 ps) 

8.27. In a 1-phase ASCI, with load L, SCRs T3, T4 are conducting a constant current J = 10 A. If 
T1 and T2 are turned on at f = 0 to force commutate T3, 4; find the time required for the load current 
to fall to zero, Load L = 10 wH and commutating capacitance C = 6 pF. Find also the total commutation 
interval and the circuit turn-off time for each of the SCRs. [Ans 15.858 ps, 19.913 ys, 7.746 ws] 

8.28, A single phase auto-sequential commutated inverter is used to deliver power to a load of 
R=12Q from a 240 V dc source. If the inverter output frequency is 60 Hz, thyristor turn-off time 15 
us and factor of safety 2, then determine the suitable values for source inductance and the commutating 
capacitors. Neglect all losses and assume a maximum current change of 0.4 in one cycle. 

Derive the formula used for determining Cc. [Ans. 10 H, 3.6067 pF] 

8.29 (a), Describe the working of a single-phase series inverter with appropriate circuit and 
waveforms. 

(b) For this inverter, derive an expression for the output frequency in terms of circuit parameters 
and Toy. ; 

8.80 In a self-commutated SCR circuit, the load consists of an inductance of 12 mH, a capacitance 
of 8 uF and’a resistance of 15 Q all connected in series. Check that the circuit will commutate by itself 
when triggered from zero charge conditions on the capacitor. 

Calculate the voltage across the inductor and capacitor at the time of commutation. Find also 


(di\ 
(z) atta: [Ans. It will commutate, - 0.538 V,, 1.538 V,, 83.33 A/s1 


8.31 Describe the working of a single-phase parallel inverter with relevant circuit and waveforms. 


8.32 A single-phase parallel inverter delivers power to a resistive load through a centre-tapped 
ideal transformer. Derive expression for the capacitor voltage on the assumption of constant source 
current. Hence obtain therefrom an expression for the circuit turn-off time. 


AC Voltage Controllers 


AC voltage controllers are thyristor based devices which convert fixed alternating voltage 
directly to variable alternating voltage without a change in the frequency. Some of the main 
applications of ac voltage controllers are for domestic and industrial heating, transformer tap 
changing, lighting control, ‘speed control of single-phase and three-phase ac drives and 
starting of induction motors. Earlier, the devices used for these applications were 
auto-transformers, tap-changing transformers, magnetic amplifiers, saturable reactors etc, 
But these devices are now replaced by thyristor-and triac-based ac voltage controllers because 
of their high efficiency, flexibility in control, compact size and less maintenance. AC voltage 
controllers are also adaptable for closed-loop control systems. Since the ac voltage controllers 
are phase-controlled devices, thyristors and triacs are line commutated and as such no 
complex commutation circuitry is required in these controllers. The main disadvantage of ac 
voltage controllers ie introduction of objectionable harmonics in the supply current and 
load voltage waveforms, particularly at reduced output voltage levels. 

The object of this chapter is to study single-phase ac voltage controllers so far as their 
principle of working and gating signal requirements are concerned. Their use in transformer 
tap changers is also considered. re 
9.1. TYPES OF AC VOLTAGE CONTROLLERS 


The power circuit diagram of a single-phase half-wave ac voltage controller using one 
thyristor in antiparallel with one diode is shown in Fig. 9.1 (a). In this figure, R is taken as 


(@) ) 
‘ Fig. 9.1. Single-phase half-wave ac voltage controller (¢) Power-circuit diagram 
and (6) voltage and current waveforms. 
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the load for simplicity. The output voltage and current waveforms obtained from this 
contrpller are shown in Fig. 9.1 (6). It is seen from this figure that positive half cycle is not 
identical with negative half cycle for both voltage and current waveforms. As a result, de 
component is introduced in the supply and Joad circuits which is undesirable. 
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(@ : (b) 
Fig. 9.2. fecerahias full-wave ac voltage controller (a) Power-circuit diagram 
and (b) voltage and.current waveforms. 

Fig. 9.2 (a) shows the power circuit diagram of a single-phase full-wave ac voltage 
controller with two SCRs connected in antiparallel. For this controller, voltage and current 
waveforms are shown in Fig. 9.2 (6). This figure reveals that positive half cycle is identical 
with negative half cycle for both voltage and current waveforms. The power circuit of Fig. 
9.2 (a), therefore, introduces no direct component in the supply and load circuit. This circuit 
is thus more suited to practical circuits than single-phase half-wave circuit. In this chapter, 
therefore, only full-wave ac voltage controllers are described. 


9.2, INTEGRAL CYCLE CONTROL 

It is stated above that ac voltage controllers are phase-controlled devices. The principle 
of phase control is illustrated in Figs. 9.1 and 9.2. In these figures, the phase relationship 
between the start of load current and the supply voltage is controlled by varying the firing 
angle. As the controlled output is ac, these are called phase-controlled ac voltage controllers 
or ac voltage controllers. 

In industry, there are several applications in which mechanical time constant or thermal 
time constant is of the order of several seconds. For example, mechanical time constant for 
many of the speed-control drives, or thermal time constant for most of the heating loads is 
usually quite high. For such applications, almost no variation in speed or temperature will 
be Bae if control is achieved by connecting the load to source for some on-cycles and then 
distonnecting the load for some off-cycles. This form of power control is called integral cycle 
control. So integral cycle control consists of switching on the supply to load for an integral 
number of cycles and then switching off the supply for a further number of integral cycles, 
Fig. 9.3. 

The principle of integral cycle control can be explained by referring to Fig. 9.2 for a 
single-phase voltage controller with resistive load. Gate pulses i,,, igg turn on the thyristors 
T1, T2 respectively at zero-voltage crossing of the supply voltage. The source energises the 
load for n (= 3) cycles. When gate pulses are withdrawn, load remains off for m (= 2) cycles. 
In this manner, process of turn-on and turn-off is repeated for the control of load power. By 
varying the number of n and m cycles, power delivered to load can be regulated as desired. 
The waveforms for source voltage v,, gate pulses and output voltage vp are shown in Fig. 9.3 
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Fig. 9.3. Waveforms pertaining to integral cycle control, 


for n=3 and m= 2. Power is delivered to load for n cycles. No power is delivered to load for 
m cycles, It is the average power in the load that is controlled. 


In literature, integral cycle control is also known as on-off control, burst firing, 
zero-voltage switching, cycle selection or cycle syncopation. 
For sinusoidal supply voltage, the rms value of output voltage V,, can be obtained as 


under : 


on 
ie f V2, sin? wt d (ot), for first on-cycle 


an 
+ I V2, sin? at - d (wé), for second on-cycle + ...... + 


Vor = 


on 
h, V2, sin? at - d (a2), for nth on-eyle| 


For 7, on-cycles and m off-cycles, the periodicity = (n + m) 2n radians, see Fig. 9.3. 


on 1/2 
ve" atom Vi sat ot (on 


2n(n +m) 


/2 
“bere a- cst) 400] 


or Vip = =. TAS a =V, Vk 9.1) 


where V, = rms value of source voltage 
and k= 5 cae is the duty cycle of ac voltage controller. 


V, 
Ris lead current, i= z 
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tt . 
Power delivered to load == R-Rintm| «(9.2) 


Rms value of input current, J, = rms value 0} load current, J,, 
Input VA = V, (rms value of source current) 


vi Vv =| kV 


v, 
=V,-12V, l= Vee 


Input VA x pf = power delivered to load 


Var _B Vor n 
-. Input pf ZR V Ve Ve ares =vk (9.3) 


As each thyristor conducts for x radians during each cycle of n on-cycles, the average 
value of thyristor current is given by 


nT 
In= x f I,, Sin wt - d (at), for first on-cycle + 


7 
% a 1, ° sin at - d (a6), for nth on-cycle)} 
' n 


® 
‘parm ewe 


(9.4) 


Similarly, rms value of thyristor current is : 


1/2 
n 
-|__2 —_| F sin? at - 
t= aes , Ty sin’ ot 2] 


1, n_ Inve 


ud eo 
2 Yn+m 2 


= (9.5) 
Integral cycle control introduces less harmonics into the supply system, the supply 
undertakings therefore insist upon the consumers to use integral-cycle method for heating 
loads and for motor-control drives. 
AC voltage controllers with on-off control has specific applications as discussed above. 
Phase-controlled ac voltage controllers are, however, more common. As such, phase-controlled 
ac voltage controllers will only be discussed and analysed in what follows : 


Example 9.1. A single-phase voltage controller has input voltage of 230 V, 50 Hz and a 
load of R = 15 Q. For 6 cycles on and 4 cycles off, determine (a) rms output voltage, (b) input 
pf and (c) average and rms thyristor currents. 


Solution, (a) From Eq. (9.1), rms value of output voltage is 


Ve=V, V2 3 200-554 =178.157V 


(®) From Eq. (9.3), input pf =vk=\W— = V5 = 0.7746 lag. 


n+m 


we 


396 TArt. 9.3] Power Electronics 


Also power delivered to load "R745 2116 W 
‘ 9906 
input VA | 280% aes = 2781.74 VA 
; ‘ 216 
«. Input pf = 9731.74 7 0.7746 lag 
ys 
(c) Peak thyristor current, J,, = 230 v2 _ 21.681 A 


15 
From Eq, (9.4), average value of thyristor current, 
kIn _ 0,6x 21.681 
n n 
From Eq. (9.5), rms value of thyristor current, 
In Nk _ 21.681xVO6 


Tyg = B= = 8.807 A 


9.3. SINGLE-PHASE VOLTAGE CONTROLLERS 

Fig. 9.4 shows three possible configurations of single-phase ac voltage controllers. Fig. 
9.4 (a), similar to Fig. 9.2 (a), uses two thyristors connected in antiparallel. The trigger sources 
for the two thyristors must be isolated from one another because otherwise the two cathodes 
would be connected together and the two thyristors would be out of circuit as shown in Fig. 
9.4 (b). Thus, no control of the output voltage would be possible. 


©) @) 
Fig. 9.4. Single-phase ac voltage controllers. 

» Scheme shown in Fig. 9.4 (c) employs four diodes and one thyristor. For this circuit, there 
is no need for any isolation between control and power circuits. This scheme, therefore offers 
a cheap ac voltage controller. The voltage drop in the three conducting devices (two diodes 
and one thyristor) will, however, be more than in Fig. 9.4 (a). 

| The circuit shown in Fig. 9.4 (d) uses one triac. This configurtion is suitable for low-power 
applications where the load is resistive or has only a small inductance. The triggering circuit 
for the triac need not be isolated from the power circuit. 
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9.3.1. Single-phase Voltage Controller with R Load 


Fig. 9.5 (a) shows a single-phase voltage controller feeding power to a resistive load R. 
As stated before, two thyristors are connected in ant parallel. Waveforms for source voltage 
v,, gating pulses i,1, igo, load current ip, source current i, load voltage vo, voltage across Tl 


as Uz, and that across T2 as Vy are shown in Fig. 9.5 (6). 
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(@, (b) 
Fig. hi (a) Single-phase ac voltage controller with R load 
(6) Voltage and current waveforms for figure (a). 

Thyristors T1 and T2 are forward biased during positive and negative half cycles 
respectively. During positive half cycle, T1 is triggered at a firing angle a. T1 starts conducting 
and source voltage is applied to load from a to n. At 7, both Up, i fall to zero. Just after n, T1 
is subjected to reverse bias, it is therefore turned off. During negative half cycle, T2 is 
‘eriggered at (n+ 0). T2 conducts from 7 + 0. to 2n. Soon after 2x, T2 is subjected to a reverse 
bias, it is therefore commutated. Load and source currents have the same waveform. 

From zero to a, T1 is forward biased, v7,;=v, as shown. From a, T1 conducts, U7, is 
therefore about 1 V. After x, T1 is reverse biased by source voltage, therefore ©; =¥, from 


i 
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ntox+ a. From n+ a to 2x, T2 conducts ; T1 is therefore reverse biased by voltage drop across 
T2 which is about 1 to 1.5 V. The voltage variation vz, across SCR T1 is shown in Fig. 9.5(6). 
Similarly, the variation of voltage uz, across T2 can be crawn. In Fig. 9.5 (6), voltage drop 
across thyristors T1 and T2 is purposely shown just to highlight the duration of reverse bias 
across T1 and T2, Examination of this figure reveals that for any value of 0, each thyristor 
is reverse biased for m/@ sec. 

_ There is thus no restriction on the value of firing angle a. Firing angle can, therefore, be 
controlled from zero to x and rms output voltage from V, to zero. Here V, is the rms value of 
source voltage. 


ee ‘ rt 
-. Circuit turn-off time, = oe Se. 


Harmonics of output quantities and input current. It is seen from Fig. 9.5 (6) that 
waveforms for output quantities (voltage vy and current ig) and input current i, are 
non-sinusoidal, These waveforms can be described by Fourier series. As the positive and 
negative half cycles are identical, de component and even harmonics are absent. 


The output voltage vp can be represented by Fourier series as under : 


vo= > An sin nat + >, B, cos nat (9.6) 
n=1,3,5 n=1,3,5 

2 bd 

where A,=2 J, v9 (08) sin nat - d(ae) (9-7) 
2 
and B,= 2 Ug (wt) cos not - d(at) +(9.8) 
The load voltage vp during the first half cycle is 

; U9 = Vm SiN OF ......0 < OF <% ; : * (9,9) 


Substitution of vp from Eq. (9.9) in Eqs. (9.7) and (9.8) gives 
‘ 1 Sui aK r 
A=) aed aesenrden 
a 


Vm f* 

=f, [cos (n — 1) at - cos (n + 1) at] d(at) 

-Yo[sn eng sine—De) (9.10) 
== n-1 (9. 


n+1 


m 
and B= ef sin at - cos not - d(at) 


Vin [* 3 : 
=f, {sin (2 + 1) ot - sin (n - 1) we] d(at) 


me ens tan}_srein—Ha-t| (9.11) 


E ® n+1 n-1 
where V,, = V2 V, and V, = rms value of source voltage . 
For obtaining Eq. (9.11), note that for n = 1, 3, 5...cos (n + 1) m= 1 and cos (n- 1) x= 1. 
The amplitude of the nth harmonic output voltage V,,,, and its phase , are given by 
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B 
| Vim = VAZ +B, and 6, = tan”! 3 (9.124) 
and Ls Yan = nth harmonic load current (9.125) 


For fundamental frequency, i.e. for n = 1, V,,, and 4, cannot be obtained from Eqs. (9.10) 
to (9.12), because these become indeterminate for n=1. This difficulty can, however, be 
overcome by putting n = 1 in Eqs. (9.7) and (9.8) and substituting the value of vg from Eq. 
(9.9). : : 


C4 Vv. . . 
A= 2) Vo, sin? wt - d(ot) = ei +(n- «| (9.18) 
a 
« Vv, a é 
and B= 2 ‘ip V,, sin wt - cos wt - d(wt) = 4 rae ait 


From the coefficients A; and B,, the peak value of the fundamental frequency voltage 
Vim and its phase 9, are given by’ 


Vin = Al BH 


2 24172 
Vn | {sin 20 cos 20-1 : 
= Ya sine +(m-a)> + 2 .(9.15a) 
V; 
Tin = =i = amplitude of fundamental component of load or source current _...(9.15b) 


1 


BY a 
and oyster Zt tan| (9.16) 
1 


sin 20, + 2(n — a) 


When ac voltage controller is used for the speed control of a single-phase induction motor, 
only fundamental component is useful in producing the torque. The harmonics in the motor 
current merely increase the losses and therefore heating of the induction motor. 

For heating and lighting loads, however, both fundamental and harmonics are useful in 
producing the ac controlled power. In such applications, rms value V,, of the output voltage 
should be known. It can be obtained from Eq. (9.9) as follows : 


4 7 1/2 
-j+ a2 7 . 
Vor = E ii V? sin? ot ae 


cos 20-1 | 


v. 1/2 

< ale {on- a) +5 sin 2a} A9,1Ta) 
and I,= R: rms value of load, or source current (9.170) 

The average power P delivered to load of resistance R is 

\ nn 1 

=P Ra Za— “I (x- a 
P=1,,R= R = ae 0) + sin 2a 
' Pars ery eee (9.18) 
uR 2 ave a 


Maximum power P,,,,. is delivered to load when a= 0. 
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VE 
aR 
This gives a cies [ —a)+ ; sin 2a] 


Prax = 


tr 
Prax 


In terms of harmonic components, 
P=R (Ri + Bayt Bet on) 


Fig. 9.5 (6) shows that source current waveform is identical with load current waveform. 
This shows that expressions for both load and source currents for the appropriate harmonics 
are the same. 

Power Factor. Assuming that source voltage remains sinusoidal even though 
non-sinusoidal current is drawn from it, the power factor is given by 


_ Realpower _ V, 1; cos 1, + cos > 
pf= Apparentpower  Vy-Ims  Lims (9,19) 
sae 
where i= Ee = rms value of fundamental component of source current 
given by Eq. (9.15 6) 


: Tyms = Tgp = ¥ms value of source current, Eq. (9.17 6), 
' , = phase angle between V, and J, Eq. (9.16) 
Another expression for pf can be obtained as follows : 


‘Real power delivered to load = R 
Apparent power delivered to load 
a S Uy tes A ae 
6 age 
: PI-V VR V, 
ae Vor [1 {<6 
From Eq. (9.17a), Ph= 3 =|=4(n— &) + 5 sin 20 .-(9.20) 
vz, ([® 2 
The maximum value of rms output voltage and current occurs at a= 0 and are given by 
V, and V,/R respectively, Eq. (9.17). For o = 0, harmonics are absent, these are therefore also 
the maximum values of fundamental rms voltage and current. 
Example 9.2. A single-phase voltage controller feeds power toa resistive load of 3 Q from 
230 V, 50 Hz source. Calculate : 
(a) the maximum values of average and rms thyristor currents for any firing angle a, 
(b) the minimum circuit turn-off time for any firing angle o, 


(c) the ratio of third-harmonic voltage to fundamental voltage for o.= x 


(d) the maximum value of di/dt occurring in the thyristors, 
(e) the angle a at which the greatest forward or reverse voltage is applied to either of the 
thyristors and the magnitude of these voltages. 


‘ 
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: he Solution. (a) It is seen from Fig. 9.5 (6) that current through thyristor flows from a to 
i x for the first cycle of 2t radians. Therefore, average thyristor current is given by 


1° Yn Vin 
Ipav= Fe), HBO MOD = Bee (1 + C08 0) 


Its maximum value occurs when a= 0. Therefore, maximum value of average thyristor 
current is 


Vin _ V2 x 230 


Trav? ae? aeg 7 A512 A 


Rms thyristor current is 


Its maximum value occurs at a= 0. 


_ Viv _ N2 x 230 _ 
Inu= 5a egg TABI A 
Tru _ Vm RR _% 
Ale Travan 2R Vm 2 
x 


Inu = § x 34.512 = 54.211 A 


(by) Waveforms for u7;, U7, in Fig. 9.5 (b) show that for any value of firing angle a, the 
circuit turn-off time is always % radians. 
revi ee ee Ee =10 me : 
«. Cireuit turn-off time = | = Qnf = Of 2x 50~ 0.01 sec = 10 m-sec. 
‘(c) For third harmonic, from Eq. (9.10), 
Ve [sin 240° _ sin 120°] _ 9 gyogy Vm 
r 4 2 T 


Ag= 


v a o_ v, 
and from Eq. (9.11), B3= Paes aa = sos 120-1} = 0.3752 


The amplitude of third harmonic voltage, from Eq. (9.12), is 
V, 
Vim = (43 + B3}'? = 0.75 = 
The amplitude of fundamental frequency voltage from Eq. (9.152) is 


Vv. 2 2 41/2 
_ Ym) [sin 120 ,(,_% cos 120°~ 1 
vin |{ 2 + 3} +{ 7 | 
V, 
= 2.63634 


Von 0.75 __ 
Vim 2.63634 a 


(d) As there is a sudden rise of current from zero to V,,/R sin a at firing angle a, di/dt 


is infinity. 
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‘e) The waveforms of v7, vz, in Fig. 9.5 (6) reveal that the greatest forward or reverse 
voltage would appear across either of the thyristors when a 5 or a> a The magnitude of 
these voltages is V,, = ¥2 V,. 

i 9.3.2. Single-phase Voltage Controller with RL Load 

Fig. 9.6 (a) shows a ‘single-phase voltage controller with RL load. In Fig. 9.6 (6) are shown 
waveforms for source voltage v, gate currents t,).and iy, load and source currents i and i,, 
load voltage v,, voltage up, across SCR T1 and voltage vz, across thyristor T2. 


{fas ()a>o 
Fig. 9.6. Single-phase voltage controller with RL load. 

| During zero to n, T1 is forward biased. At wt = a, T1 is triggered and iy = ty, starts building 
up through the load. At x, load and source voltages are zero but the current is not zero because 
of the presence of inductance in the load circuit. At B > x, load current reduces to zero. Angle 
B is called the extinction angle. After x, T1 is reverse biased but does not turn off because 
iy is not zero. At B only, when ig is zero, T1 is turned off as it is already reverse biased. After 
the commutation of Ti at B, a voltage of magnitude V,, sin B at once appears as a reverse 
bias across T1 and as a forward bias across T2, Fig. 9.6 (6). From B to x + a, no current exists 
in the power circuit. Thyristor T2 is turned on at (x + @) > B. Current i) = iz, starts building 
up'in the reversed direction through the load. At 2n, v, and uy are zero but izy = ip is not zero. 
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At kr +0+4),i=0 and T2 is turned off because it is already reverse biased. At 
(n+ 0+), V», Sin (w+ + ¥) appears as a forward bias across T1 and as a reverse bias across 
T2, Fig. 9.6 (6). From (x +a+y¥) to (2n+a), no current exists in the power circuit. At 
(2x +), T1 is turned on and current starts building up as before. 


When T1 conducts, voltage drop across it appears as a reverse bias across T2. Similarly, 
when T2 conducts, vr, appears as a reverse bias across T1. It is seen from Fig. (9,6 6) that 


waveform vzy is obtained after inverting waveform v7, Waveform v7; shows that T1 is reverse 
biased for x radians, Same is true for thyristor T2. Therefore, circuit turn-off time t, for each 
SCR, for any firing angle a, is 
t, = ™/@ sec. © 
The expression for load current ip can be obtained as under : 


The KVL for the circuit of Fig. 9.6 (a) gives 


dig 


at at < at <B 


v= V_ sin wt = Rig +L 

The solution of this equation is of the form 

V, 
ig=-F sin (at — 9) 4 ACW! A9.21) 

where Z=IR* + (@Ly}'7 
and $= tan”! (@L/R) (9.22) 

Constant A can be obtained from the initial condition according to which i,=0 at 
ot =a ie. att = a/o. Therefore, 


O= Le sin (a 9) + Ae” hate 


or A=- F sin (a.- 9) °° 


Substitution of this value of A in Eq. (9.21) gives tp as 


Vv e 
ip = z [sn (wt — >) — sin (& — 9) exp {f is Ea ‘| 180 
a (9.23) 


It is seen from Fig. 9.6 (6) that .»=0 again at { 
at =B or at t = B/@. Substitution of this condition in ¥ 
Eq. (9.23) gives 


Y 
_ sin (B - 9)= sin (a— 4) - exp [; eal (9.24) 


L 


Extinction angle B can be obtained from Eq. 
(9.24). 
_The conduction angle y during which current 
flows from angle @ to angle B is given by ° 
y=B-a -.(9.25) 30° 60° 90° 120° 150° 180° 


For a given value of load phase angle 9, angle _ Fig. 9.7. Spereus'e: earector 


B is determined for various values of o from Eq. “ac voltage controller of Fig. 9.6 (a). 


a 


4 
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(9.24) and thus a relationship between y and a can be realized from Eq. (9.25). For the various 
yalues of yand a, curves shown in Fig. 9.7 are obtained for different values of o. Note that 
phase angle > cannot exceed 90°. ‘ 


It is seen from Figs. 9.6 (b) and 9.7 that as ais decreased, the conduction angle y increases. 

The waveform of current ig in Fig. 9.6 (6) reveals that for y<%,i7, through T1 flows from 

ato(a+y=. Tl remains off from a+ y upto (n+ a). At (n+ 0), i, through T2 flows from 

n+ato m+a+y. T2 remains off from n+ a+ to 2Qn+a. At 2n+a, T1 is turned on. With 

progressive decrease in 0, may become equal to x. Under this condition, when 7 is just equal 

to t. T1 will be on from a to n+ and ip, flows from oto m+ 0. Further, T2 will be on from 
n+ oto 2n+o and current iz, flows from m+ 0 to 2x + 0. Thus, 


when y=", 0 to a —T2 conducts 
a to (x + «) —T1 conducts fA) 
(x + a) to (2n + &) —T2 conducts and so on 
This shows that load current will never become zero for any segment of time and therefore 
for all the time, load is connected to source. Thus, for y= 7, the load voltage is equal to 
sinusoidal source voltage provided the voltage drop in thyristors is neglected. Under these 
eonditions, load behaves as if it is being fed directly by the ac source. 


What is the value of a for which y= 7 and load is directly connected to ac source ? For 
this, consider that RL load, with load phase angle 6, is connected directly to ac source. Under 
steady state, the load current will be a sine wave and lag behind the voltage wave by an angle 

,g as shown in Fig. 9.6 (c). The current is positive from 9 ton+ > and negative from 7+ > to 
Qn + o, Fig. 9.6 (c). If it is required to obtain the current waveform of Fig. 9.6 (c) through the 
operation of power circuit of Fig. 9.6 (a), then 

0 to 6 —T2 conducts 
to (x + >) —T1 conducts .(B) 

(n+ 6) to (20 + 6) —T2 conducts and so on ‘ 

A comparison of expressions (A) and (B) reveals that when o = 4, y=. This can be verified 
by referring to Eqs. (9.24) and (9.25). When o.= 4, Eq. (9.24) gives 

: sin (B- a) =O=sinn 

‘or : (B-o)=n 

From Eq. (9.25) y=B-a=n. 

This shows that for 1-phase ac voltage controller, waveforms of Fig. 9.6 (b) are applicable 
only when a > 4 and that of Fig. 9.6 (c) for a< >. 

Operation with a <>. Assume that ac voltage controller is working under steady state 
with a=6. From zero to 6, T2 conducts and from $to(t+4), T1 conducts ; from 
n+ to 2n+ 9, T2 conducts and so on. Now let a be decreased below 4. When T1 is triggered 
at a <6, T1 will not get turned on because it is reverse biased by voltage drop in T2 which 
is conducting current iz). T1 will get turned on only at $ when iz, =0 and reverse bias due 
to voltage drop in T2 vanishes. Now T1 will conduct from $ ton +o. T2 will be triggered at 
an angle (t+ a) < (1+). As T1 is conducting, a voltage drop in T1 will apply a reverse bias 
across T2, as a result T2 will not get turned on at m+ a, but only at 7+, when iz, = 0. Now 
T2 will conduct from m+ to 2n+4@ and so on. This shows that load voltage and current 
waveforms will not change from what they are at a=. Thus the reduction of o below 9 is 
not able to control the load voltage and load current. The ac output power can be controlled 
only for a > 6. Note that for 0. < 4, remains equal to x. Thus the control range of firing angle 
is ¢< a< 180°. 


from 
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' Gating signal requirements. For R load as in Fig. 9.5, thyristor T1 stops conducting 
at m, T2 is now forward biased after x. When T2 is triggered at n+ @, it gets turned on as it 
is already forward biased by source voltage. Thus pulse gating is suitable for R load as shown 
in Fig. 9.5. : 

Pulse gating is, however, not suitable for RL loads. The reason for this can be explained 
‘by referring to Fig. 9.8. At o, T is fired and the current flows as shown. At x+ 0, T2 is fired. 
As T1 is still conducting, voltage drop across T1 reverse biases T2 at n+ 0,.T2 is therefore 
not turned on at +0. At (a+), ip, decays to zero and T1 stops conducting, as a result T2 
gets forward biased but the gate pulse ig applied to T2 at x + o is already zero and therefore 
T2 does not get turned on. At (2x +a), gate pulse is applied to T1, it gets turned on because 
it is already forward biased by source voltage. At (8x + @), when T2 is pulse gated, it will not 
turn on as explained earlier. Thus, the.a.c. voltage controller gives asymmetrical output 
voltage waveform due to the conduction of T1 alone. This half-wave rectifier operation of the 
ac voltage controller is undesirable. This difficulty can be overcome by applying a continuous 
gate single to the SCRs T1 and T2 so that when t7, becomes zero at (a+ y), T2 gets turned 

on*due to the’presence of continuous signal. A continuous gate signal is shown in Fig. 9.6 (b). 
The duration of a continuous gate signal should last for a period of (n - @)/@ seconds. Strictly 
speaking, sustained gate pulse may not last from a to 7 as shown. For a= or a>, a gate 
pulse of narrow width is sufficient to trigger the SCR. In case a < , minimum width of gate 
pulse should be equal to plus the angle required for the current to reach latching current 
‘value. 


{27 +@) 


Fig. 9.8. Single-phase voltage controller with Fig. 9.9. Types of gating signals 
RL load with pulse gating. (a) pulse gating (6) continuous gating 
(c) high-frequency carrier gating. 

In practice continuous gating is undesirable as it leads to more heating of the SCR gate 
and at the same time, it increases the size of the pulse transformer. The technique that 
mitigates the above disadvantages of continuous gate signal and ensures thyristor turn on 
is to use a train of firing pulses from o. to x as shown in Fig. 9.9 (c). This type of signal is also 
termed as high-frequency carrier gating. 

Example 9.3. A single-phase voltage controller is employed for controlling the power flow 
from 230 V, 50 Hz source into a load circutt consisting of R=3 Q and ob =4 Q. Calculate 


(a) the control range of firing angle, 
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(b) the maximum value of rms load current, 

(c) the maximum power and power factor, 

(d) the maximum values of average and rms thyristor currents, 

je the maximum possible value of di/dt that may occur in the thyristor and 

(f the conduction angle for a = 0° and a = 120° assuming a gate pulse of duration x radian. 

Solution. (a) For controlling the load, the minimum value of firing angle o. = load phase 
angle, =.tan”! & = tan! de 53.18°. The maximum possible value of « is 180°. 

.. Firing angle control range is 53.13° < a < 180°. 

(b) The maximum value of rms load current Jy occurs when o=$=53.13°. But at this 
value of firing angle, the power circuit of ac voltage controller behaves as if load is directly 
connected to ac source. Therefore, maximum value of rms load current is 


I= 20 230 aga. 
o> VR? + (aby V8"+ 2 
(c) Maximum power =P R= 46" x 3= 6348 W 
KR 46x3 
Power factor = 2 V,1)7 230" 0.6. 


(d) Average thvristor current is maximum when a= and conduction angle y= 7. From 
Fig. 9.6 (c), 


a+ RV 
Travm = 95, J, Zz sin (at — 9) d(wt) 


Vin | Exam Zz 
are cr el 


Similarly, maximum value:of rms thyristor current is 


1/2 
ate (Y 2 
Im=| J, [isin cera} a} 
_N2'x 230 


di : : 
(e) Maximum value of occurs when o= >. From Eq. (9.23), 


“Vin 
a 2 cos (at - 9) - 0. 


| Its value is maximum when cos (at — 9) = 1 
(@l- ¥2.230 250 _ 9.0497 x 10 A/see 


‘() For a=0°, Fig. 9.7 shows that conduction angle y is 180°. For a=120° and 
$= 53.13°, Fig. 9.7 gives a conduction angle of about 95°. 


Example 9.4, For the circuit shows in Fig. 9.10 (a), sketch the waveforms of output voltage 
and current for the following values of firing angles. 


‘Ya) Only T2 is triggered at wt = 0, 2n, 4n etc. 
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" 

(b) Only T1 is triggered at wt = 0, 2n, 4n etc. ‘ 

(c) T2 is triggered at wt = 0, 2n, 4n etc. But T1 is triggered at wt=o, 2n+a, 4n+aand so 
on. Take o around 40°. ‘ 

Solution. (a) At @= 0°, supply voltage is passing through zero and becoming positive. 
Therefore, when thyristor T2 is triggered at wt =0, 2n, 4n etc. it gets turned on and load 
voltage vg equals source voltage v,. At m, 3n etc, as source voltage tends to become negative, 
72 is turned off as load current ip is zero. Load voltage vy = 0 from x to 2n etc. as shown in 
Fig. 9.10 (b-i). For R load, current waveform is identical with voltage waveform. 


. x BABY 
Gi) | A 
re) ae ne wt 


an 


(@) (6) ! 
Fig. 9.10. Pertaining to Example 9.4. 

(b) ‘This part is similar to part (a), except that the voltage amplitude is now 
V2 . 230 volts, Fig. 9.10 (b-ié). 

(c) At at = 0, 2n, 4x etc. when T2 is triggered, it gets turned on and ug = V2.115 sin w¢, At 
ot = 0, 2n + a, 4 + 0 etc. when forward biased thyristor T1 is triggered, it gets turned on. But 
when T1 gets on, a voltage equal to V2 - 115 sin a appears as reverse bias across T2, it is 
therefore turned off at wt=a,2n+a etc. Thus, from wt=O0toa, vy follows the curve 
2 - 115 sin at but from at = o to %, Uo follows the curve V2 - 230 sin wt as shown in Fig. 9.10 
(b-iii).’ From nto 2m, v9=0. From 2n to 2n+0, v9=V2.115 sin wt and from 2n+ a to 3n, 
vg = V2 - 230 sin wt. As the load is resistive, load current waveform is identical with load 


voltage waveform. 
9.4, SEQUENCE CONTROL OF AC VOLTAGE CONTROLLERS 
(TRANSFORMER TAP CHANGERS) 

Sequence control of ac voltage controllers is employed for the improvement of system pf 
and for the reduction of harmonics in the input current and output voltage. Sequence control 
of ac voltage controllers means the use of two or more stages of voltage controllers in parallel 
for the regulation of output voltage. The term ‘sequence control’ means that the stages of 
voltage controllers in parallel are triggered in a proper sequence one after the other so as to 
obtain a variable output with low harmonic content. 

The object of this section is to describe two-stage as well as multistage sequence control 
of voltage controllers. A single-phase sinusoidal voltage controller is also explained. 
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9.4.1. Two-stage Sequence Control of Voltage Controllers 


A two-stage sequence control of ac voltage regulators employs two stages in parallel as 

own in Fig. 9.11 (a). The turns ratio from primary to each secondary is taken as unity for 

convenience. This means that for source voltage u, = V,, sin wf, v; = ¥, = V,, sin @f and sum of 
two secondary voltages is 2V,, sin at. 


tt Yo 


he Nanda) 


© 
Fig. 9.11 (a) Two-stage sequence controlled ac voltage controller (6) R load (c) RL load. 

The load may be R.or RE. For both types of loads, for obtaining output voltage control 
from zero to rms value V, use only thyristor pair T3, 74 in Fig. 9.11. For zero output voltage, 
ais 180° for T3, T4 and for V, ais zero. For output voltage control from V to 2V, a for thyristor 
pair TS, T4 is always zero and for thyristor pair T1, T2 ; a is varied from zero to 180°. 

The main advantage of two-stage sequence coutrol of ac voltage controller over single-phase 
full-wave ac voltage controller is the reduction ¢: harmonics in the load and line currents. 

(a) Resistance load. For resistance load, the load current waveform is identical with 
putput voltage waveform. When thyristor pair T3, T4 is in operation, then the output voltage 
and current waveforms are as shown in Fig. 9.5 (b). When both pairs T1, T2 and T3, T4 are 
in operation, then firing angle for T3, T4 is always zero whereas firing angle o for pair T1, 
T2 is varied from 180° to zero for obtaining output voltage from V to 2V. 


, in Fig. 9.11 (c). 
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| The output voltage, when thyristor T3 is triggered at at = 0, follows v, = V,, sin at curve. 
When SCR T1 is triggered at at = a, voltage v, reverse biases 73, it is therefore turned off. 
After this, T1 begins conduction and the output voltage jumps from v2 to (uv; + U2) and follows 
2V,, sin @t curve. At a=, output voltage and current are zero. At this instant, T4 is 
triggered and output voltage follows V,, sin wt curve. At wt = 2+ 0, when forward biased SCR 
T2 is triggered, T4 is reverse biased by V,, sin o, it is therefore turned off. When T2 begins 
conduction, output voltage follows 2 V,, sin @t curve as shown by the negative half cycle in 
Fig. 9.11 (0). In this figure, output current waveform ig is shown identical with output voltage 
waveform Up. : 

RL load. When pair T3, T4 alone is in operation, then the waveforms of output voltage 
and current are as shown in Fig. 9.6 (b) for a > o and in Fig. 9.6 (c) for a<. 

For obtaining output voltage from V to 2 V, firing angle for T3, T4 is always zero whereas 
firing angle for T1, T2 is varied from 180° to zero. It is assumed that during positive half 
cycle, firing pulses for Tl), T3 last from at = 0 to at =n and during negative half cycle, firing 
pulses for T2, T4 extend from ot = 7 to 2n. i 

During positive half-cycle, T3 is conducting and a voltage v2 = V2 V sin wt is applied to 
the load. At ot =o, when T1 is triggered, T3 is turned off by reverse voltage v; and output 
voltage jumps to v, + v2 =2V,, sin at as shown. At of =, (0, + v2) reaches zero but output 
current ig is not zero because of the presence of L in the load. Thus, T1 continues conducting 
until @t = B, where ip decays to zero and T1, already reverse biased by (v, + v2) is turned-off. 
Thyristor T4, already gated at at=n, 
starts conducting lowering the voltage to 
v, as shown, At ot = x + 0, T2 is triggered, 
v, turns off T4 and output voltage in the 
negative half cycle jumps to (vj + v2) as 
shown, At at = 2m, (v, +2) reaches zero 
but ig is not zero because of L. At 
at=n+,ig reaches zero. T2, already 
reverse biased by (v1 + U2), is turned off 
and T3 already gated at wt = 2nis turned 
on. lowering’ the voltage to v2 at 
ot=n+$. At ot =2n+0, already gated 
T1 turns on and T3 turns off and output 
voltage jumps from v2 to (v; +02) in the 
positive half cycle. The output voltage 
and output current waveforms are shown 


~3) ¥sin 


9.4.2: Multistage Sequence Control 
of Voltage Controllers 


Multistage sequence control of ac volt- 
age controllers is employed when it is 
desired to have harmonic content lower 
than that in a two-stage sequence control. 
Fig. 9.12 shows the power circuit for n- 


stage sequence control of voltage control- Fig. 9.12. Multistage sequence control of 
lers. In this figure, the transformer has n ac voltage controllers. 


‘ 
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t 


secondary windings. Each secondary is rated for v,/n where v, is the source voltage. Voltage of 
terminal a with respect to 0 isu, Voltage of terminal b is (n — 1) v,/n and so on. If voltage control 
from Uqy = (1 — 3) U,/n to Up. = (n — 2) v,/n is required, then thyristor pair 4 is fired ata = 0° and 
the firing angle of thyristor pair 3 is controlled from o = 0° to 180° whereas all other thyristor 
pairs are kept off. Similarly, for controlling the voltage from v,, = (n - 1) v,/n to v,, = U,, thyris- 
tor pair 2 is triggered at o. = 0° whereas for pair 1, a is varied from 0° to 180° by keeping the 
remaining (n ~ 2) SCR pairs off. Thus, the load voltage can be controlled from v,/n to v, by an 
appropriate control of triggering the adjacent thyristor pairs. 


The presence of harmonics in the output voltage depends upon the magnitude of voltage 
variation. If this voltage variation is a small fraction ef the total output voltage, the harmonic 
content in the output voltage is small. For example, for voltage control from (n- 2) 
v,/n to (n ~ 1) v,/n, if voltage variation v,/n << (n — 1) v,/n, then the harmonic content in the 
output voltage would be small. 

9.4.3. Single-phase Sinusoidal Voltage Controller 

For obtaining continuous voltage control over a wide range with low harmonic content 
and improved pf, a multistage 
sequence voltage controller must 
have quite a large number of stages. 
This is, however, an expensive 
proposition, An alternative to this, 
with less number of stages and 
called single-phase sinusoidal 
voltage controller is usually 
employed ; this is shown in Fig. 
9.13, | 

This voltage controller has one 
primary winding and (n + 1) secon- 
dary windings, i.e, single-phase 
sinusoidal voltage controller 
employs (n + 1) stages ; 0, 1, 2, 3...n. 
The top secondary winding, num- 
beredA, is called vernier winding. Its 
rating is v volts. The voltage ratings 
of the remaining n windings are in 
geometric progression with a ratio of 
2. Thus, if v is the voltage rating of 
secondary numbered 1, then voltage _ 
rating of secondary numbered 2 is 2 
v, that of numbered 3 is 
4v (=2?-1. »), that ofnumbered 4is 
8v (24~!. v) and that of numbered n 
is 2"-'. v volts. The power circuit of 
Fig. 9.13 uses two sets of thyristors 
for n windings. These are TC1, 
TC2...... called control thyristors and 
TB1, TB2..... called by-pass thyris- 


tors. Vernier winding has two pairs ; 
of thyristors marked TCA and TBA. Fig. 9.13. Single-phase sinusoidal voltage controller. 


i) 
t 
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Thyristors pertaining ton stages, i.e. TC1, TC2....,TCn and TB1, TB2,..., TBn are either on or off 
throughout a cycle. This means that control and by-pass thyristors are made to act as switches 
which remain either on or off during a cycle. When control SCR pair for any stage is on and its 
by-pass thyristor pair is off, then voltage of that stage would appear across the load and a load 
current would flow accordingly. On the other hand, if ‘control SCR pair is off and by-pass pair is 
on for any stage, then this particular stage would be by-passed.and will not contribute any volt- 
age across the load. Thus, with an appropriate series combination of secondaries from 1 to n 
(without vernier winding), the load voltage can be varied from v to (2” — 1) v in discrete steps of 
v, This special feature of choosing any series combination of secondary windings is, however, not 
available in the multistage sequence control of thyristors in Fig. 9.12. 


As stated above, an additional stage A, is employed as a vernier to permit continuous 
control of voltage from zero to v. It is a phase-controlled secondary winding. This winding 
contributes harmonics to line and load currents. The harmonic content would, however, be 
much lower because contribution of voltage by vernier winding to the load voltage is only a 
small fraction of the total load voltage. 

The operation of the power circuit of Fig. 9.13 can now be explained for a resistance load. 
Let it be required to vary the load voltage from 10 v to 11 v. For obtaining this voltage range, 
stages 2 and 4 together with vernier winding are required. For stages 2 and 4, by-pass SCRs 
are kept off but their control SCRs are kept on all the time. For the remaining stages from 
1 to n, all by-pass SCRs are kept on while their control SCRs are kept off all the time. With 
this, the circuit of Fig. 9.13 reduces.to that shown in Fig. 9.14 (a) 


(2m%a) ot 


(a) () 
Fig. 9.14. Operation of voltage controller of Fig. 9.13. 

During the positive half cycle, thyristor T3 is turned on at af = 0° and as a result, a voltage 
10 vp is applied to the load. At at =a, T1 is turned on and this turns off T3, the voltage now 
jumps from 10v to 11v, ie. from 10 V,, sin a to 11V,, sin a, Fig. 9.14 (6). After ot = a, output 
voltage follows 11 V,, sin @t curve. At the end of positive half cycle, T4 is turned on at 
«=n, the load voltage is now 10 v. At at=1+ 0, T2 is turned on and with this T4 is turned 
off and load voltage jumps from 10v (10V,, sin a) to ilv (11 V,, sin ) in the negative half 
cycle. In this manner, load voltage can be continuously controlled from zero to 2" uv by a 
suitable choice of output voltage range. 
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PROBLEMS ; 


1. (2) What is an ac voltage controller ? List some of its industrial applications. Enumerate its 
merfgs and demerits. \ : 

(b) Describe the two types of ac voltage controllers. Which one of these is preferred and why ? 

(c) Draw the possible configurations of a single-phase voltage controller and compare them. 

A single-phase voltage controller using two SCRs in antiparallel must have its trigger sources 
jsolated from each other. Why.? Explain with a suitable diagram. 

9.2. (a) Describe the principle of burst firing control for a single-phase ac voltage controller. 

(b) A single-phase ac voltage controller uses burst firing control for heating a load of R=5Q with 
an input voltage of 230 V, 50 Hz. For a load power of 5 kW, determine (7) the duty cycle (ii) input power 
factor (iit) average and rms thyristor currents. Derive the expressions used. 

[Ans. (b) 0.4726, 0.6875 lag, 9.785 A, 22.3575 A] 

9.3. (a) For a single-phase voltage controller feeding a resistive load, draw the waveforms of source 
voltage, gating signals, output voltage, source and output currents and voltage across one SCR. Describe 
its working with reference to the waveforms drawn. 

(b) Analyse the output oe waveform into various harmonics with Fourier series and find 
expressions for the amplitude o! nth harmonic V,,, and its phase $,,. 


9.4. (a) For single-phase voltage controller, cofinected to a resistive load, analyse the output voltage 
waveform into various harmonics using Fourier series and find expressions for the amplitude of 
fundamental voltage component V;,, and its phase $,- 

(b) A 230-V, 1 kW electric heater is fed through a triac from 230 V, 50 Hz source. Find the load 
power for a firing angle delay of 70°. Derive the expression used for the voltage. 

[Ans. (b) 713.414 watts] 


9.5. (a) For a single-phase ac voltage controller feeding a resistive load, show that power factor is 


given by the expression : . 
1 1 1/2 
[ {o -a)+ 2 sin 2a] 


(b) Asingle-phase half-wave ac voltage controller, using one SCR in antiparallel with a diode, feeds 
1 kW, 230 V heater. Find the load power for a firing-angle delay of (i) 0° (ii) 180° @ii) 70°. 
[Ans. (6) 1000 W, 500 W, 856.707 W) 


9.6. (a) Compare the merits of controlling the heater power by a triac using integral cycle control ~ 
over the phase-angle control. : 
(6) A heater load is controlled through a triac from a single-phase source. Determine the firing 
angle delay when the power is at (i) 60%, ii) 70% of its maximum power. Derive the expression used. 
(c) A heater load is controlled by means of single- io 
phhse ac voltage controller. Determine the firing angle 
delay, when the controlled power is at G) 50%, Gi) 70% 
of its maximum power. Derive the expression used. 
; fAns. (6) 90°, 71.5° (c) 180°, 99°] + 
* 9.7. (a) Define the term ‘power factor’. Derive its 
expression for a single-phase voltage controller feeding S 
a resistive load circuit and show that : 
- Power factor = [per unit power 2 
1 (b) For the circuit shown in Fig. 9.15, do the follow. 
ing : . 


Fig. 9.16. Pertaining to Prob. 9.7 (6). 
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f Sketch the waveforms for two cycles of supply voltage, supply current, load voltage and load 
currfnt for a firing angle of about 45° for the two thyristors. 
(ii) For 230 V, 50 H2 as the supply voltage, find the power consumed by load in case 
«= 60° and R = 10 Q. Derive the expression used for power. 

(iii) In case diode D1 gets open circuited, draw the load current waveform and calculate the power 
delivered to load. (Ans. (b) (i) 4255.8 W (ii) 2127.9 Ww) 

9.8. A single-phase voltage controller with resistance load has the following data : 

Supply mains : 230 V, 50 Hz, R=4Q. Calculate : 

(a) the firing angle o at which the greatest forward or reverse voltage is applied to either of the 
thyristors and the magnitude of these voltages ; 

(8) the greatest forward or reverse voltage that appears across either of the thyristors for firing 
angles of 60° and 120° ; 

(c) the rms value of fifth harmonic current and its phase for a= 2/4. 


[Ans. (a) a= 7 orat a> - 325.27V (b) 281.691 V, 325.27 V (c) 27.284 V, - 68.435") 


9.9. (u) A single-phase voltage controller, with two thyristors arranged in antiparallel, is connected 
to RL load. Discuss its working when firing angle is more than the load pf angle. Illustrate your answer 
with waveforms of source voltage, gate singals, load and source currents, output voltage and voltage 
across both the thyristors. 

Hence derive an expression for the output current in terms of source voltage, load impedance, firing 
angle etc. 

(b) A single-phase voiwuge controller has the following data : 

Source voltage = 230 V at 60 Hz, Load = 0+j4 Q. Calculate : 

(i) the control range of firing angle, 
(ii) the maximum value of rms load current, 
(iii) the maximum value of average and rms thyristor currents, 
(iv) the maximum value of di/dt that may occur in the thyristors, 
(v) the value of conduction angle for 0. = 90° assuming gate pulse width of m radians. 
fAns. (5) 90° $a. < 180° ; 57.5 A; 25.88 A, 40.66 A; 2.5546 x 104 A/sec ; 180°] 

9.10. (a) For a single-phase voltage controller, develop a relation between conduction angle y and 
firing angle o and plot their variation as a function of load phase angle 9. Under what conditions 
conduction angle y becomes equal to m ? 

(b) Discuss the operation of a single-phase voltage controller with RL load when firing angle o. is 
jess than, or equal to, load phase angle 9. Hence show that for a less than 6, output voltage of the ac 
voltage controller cannot be regulated. 

(c) For a single-phase voltage controller, discuss how pulse gating is suitable for R load and not for 
RL load. Hence show that high-frequency carrier gating is essential for RL loads. 

9.11. (a) Describe the working of a two-stage sequence control of voltage controllers for both 
Rvand RL loads. What is the advantage of this controller over single-phase full-wave voltage controller? 

(b) Distinguish between two-stage and multistage sequence control of voltage controllers. What are 
the advantages of multistage over two-stage sequence control ? Describe multistage sequence control 
of voltage controllers. 

y 9.12. Describe a single-phase sinusoidal voltage controller with vernier winding. What are the 
functions of controlled and by-pass thyristors ? Discuss how output voltage waveform from 7vto8v 
can be obtained from this voltage controller. 


a 


Cycloconverters 


A device which converts input power at one frequency to output power at a different 
frequency with one-stage conversion is called a cycloconverter. A cycloconverter is thus a 
one-stage frequency changer. Basically, cycloconverters are of two types, namely : 

(i) step-down cycloconverters and 
(ii) step-up cycloconverters. 

In step-down cycloconverters, the output frequency fy is lower than the supply frequency 

fy, .e. fy <f,. In step-up cycloconverters, fo>fhe 


The operating principles of step-down cycloconverters were developed as far back as 193v. 
At that time, mercury-arc rectifier was used as a cycloconverter for converting three-phase 


50° Hz supply to single-phase 162 Hz, supply for use in ac traction system in Germany. A 


single-phase series motor, when operated at a lower frequency, gives better operating 
characteristics. In the United States, a cycloconverter comprising 18 thyratrons was employed 
to drive a 400-HP synchronous motor for several years in Logan power station [6]. The 
cycloconverter systems at that time did not find widespread use only because early systems 
were not technically attractive and economically viable. 

With the advent of high-power thyristors, cycloconverters are again becoming popular. At 
present, the applications of cycloconverters include the following : fo 

@® Speed control of high-power ac drives 
(i) Induction heating 
(ii) Static VAR generation 
(iv) For converting variable-speed alternator voltage to constant frequency output volt- 
age for use as power supply in aircraft or shipboards. 

The general use of cycloconverter is to provide either a variable frequency power from a 
fixed input frequency power (as in ac motor speed control) or a fixed frequency power from 
a variable input frequency power (as in aircraft or shipboard power supplies). 

The object of this chapter is to present both single-phase and three-phase cycloconverters 
at an introductory level. 


10.1. PRINCIPLE OF CYCLOCONVERTER OPERATION 


In this section, basic principle of operation of step-up a5 well as step-down cycloconverter 
is presented. Single-phase to single-phase cycloconverter, though seldom used in practice, is 
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A sifigle-phase to single-phase device of the mid-point type is shown in Fig. 10.1 (a) and of 
the bridge type in Fig. 10.1 (5), With the help of this figure, the basic principles of both types 
of cycloconverters are described here 

10.1.1. Single-phase to Single-phase Circuit-Step-up Cycloconverter 

For understanding the operating principle of step-up device, the load is assumed to be 
resistive for simplicity. It should be noted that a step-up cycloconverter requires forced 
commutation. The basic principle of step-up device is described here first for mid-point and 
then for bridge-type cycloconverters. 


safe here for describing the principle of operation of both the types of eycloconverters. 


“N2 
C b, 
Fig. 10. Wy Single-phase to single-phase psnseereieter circuit 
(a) mid-point type and (5) bridge type. 
10,1.1.1. Mid-point cycloconverter. It consists of a single-phase transformer with mid- 

tap on the secondary winding and four thyristors. Two of these thyristors P1, P2 are for 
positive group and the other two N1, N2 are for the negative group. Load is connected between 
secondary winding mid-point 0 and terminal A as shown in Fig. 10:1 (a). Positive directions 
for output voltage vg and output current ip are marked in Fig. 10.1. 


Vorto P2 Fetes voltage 


> wt 


: 2 
wt wt? wuts 


Fig. 10.2. Waveforms for step-up cycloconverter. 


‘In Fig. 10.1, during the positive half cycle of supply voltage of Fig. 10.2, terminal a is 
positive with respect to terminal 6. Therefore, in this positive half cycle, both SCRs P1.and 
N2 are forward biased from wt = 0 to wt =x. As such SCR P1 is turned on at wf = 0° so that 
load voltage is positive with terminal A positive and 0 negative. The load voltage now follows 
the'positive envelope of the supply voltage, Fig. 10.2. At instant @t,, P1 is force commutated 
and forward-biased thyristor N2 is turned on so that load voltage is negative with terminal 
0 positive and A negative. The load, or output, voltage now traces the negative envelope of 
the supply voltage, Fig. 10.2. At wt,, N2 is force commutated and P1 is turned on, the load 
voltage is now positive and follows the positive envelope of supply voltage, Fig. 10.2. After 


et ee 


1 
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wt =m, terminal 6 is positive with respect to terminal a ; both SCRs P2 and N1 are therefore 
forward biased from wt =n to 2n. At of =n, N2 is force commutated and forward biased SCR 
P2 is turned on. At of = 2 + & 
26, 2% 

on. In this manner, thyristors P1, N2 for first half cycle ; P2, N1 in the second half cycle and 
so on are switched alternately between positive and negative envelopes at a high frequency. 
As a result, output voltage of frequency fo, higher than the supply frequency f,, is obtained 
In Fig. 10.2, f, is the supply frequency and fo is the output frequency. Also fy = 6f, in Fig. 
10.2. 

10.1.1.2. Bridge-type cycloconverter. It consists of a total of eight thyristors, Pi to P4 
i.e. four for positive group and the remaining four for the negative group. When a is positive 
with respect to x in Fig. 10.1 (6), i.e. during the positive half cycle of supply voltage of Fig. 
10.2, thyristor pairs P1, P2 and N1, N2 are forward biased from wt = 0° to wt=n. When 
forward biased thyristors P1, P2 are turned on together at wt = 0°, the load voltage is positive 
with respect to x in Fig. 10.1 (6), forward-biased thyristors P1, P2 are turned on together at 
wt = 0° so that load voltage is positive with terminal A positive with respect to 0. Load voltage 
now traverses the positive envelope of supply voltage, Fig. 10.2. At wf,, pair P1, P2 is force 
commutated and forward biased pair N1, N2 is turned on. With this, load voltage is negative 
with terminal 0 positive with respect to A. Load voltage now follows the negative envelope 
of source voltage, Fig. 10.2. At wf, ; N1, N2 are force commutated and P1, P2 are turned on. 
The load voltage is now positive and follows the positive envelope of source voltage. After 
‘ot =n, thyristor pairs P3, P4 and N3, N4 are forward biased, these can therefore be turned 
on and force commutated from wt = x to wt = 2n. In this manner, a high-frequency turning-on 
and force commutation of pairs P1, P2, N1 N2 and pairs P3 P4, N3 N4 gives a carrier-fre- 
quency modulated output voltage across load terminals. . 

In Fig. 10.2 conduction of thyristors P1, P2 and N1, N2 for mid-point cycloconyerter of 
Fig. 10.1 (a) is only shown. It is fairly easy to indicate the conduction of thyristors P1 to P4 
and N1 to N4 in Fig. 10.2. 

10.1.2. Single-phase to Single-phase Circuit-Step-down Cycloconverter 

A step-down cycloconverter does not require forced commutation. It requires 
phase-controlled converters connected as shown in Fig. 10.1. These converters need only line, 
or natural, commutation which is provided by ac supply. Both mid-point and bridge-type 
cycloconverters are described in what follows : 

10.1.2.1. Mid-point cycloconverter. This type of cycloconverter will be described both 
for discontinuous as well as continuous load current. The load is now assumed to consist of 
Rand L in series. 

(a) Discontinuous load current. When a is positive with respect to 0 in Fig. 10.1 (a), 
forward biased SCR P1 is triggered at ot = a. With this, load current f, starts building up in 
the positive direction from A to 0. Load current ig becomes zero at wt =f > x but less than 
(n+), Fig. 10.3 (c). Thyristor P1 is thus naturally commutated at at = 8 which is already 
reverse biased after n. After half a cycle, 6 is positive with respect to 0. Now forward biased 
thyristor P2 is triggered at @t=n+ a. Load current is again positive from A to O and builds 
up from zero as shown in Fig. 10.3 (c). At ot =1+B, ip decays to zero and P2 is naturally 
commutated. At 2x+0, P1 is again turned on. Load current in Fig. 10.3 (c) is seen to be 
discontinuous. After four positive half cycles of load voltage and load current, thyristor N2 
(after P2, N2 should be fired) is gated at (4n+ 0) when 0 is positive with respect to 6. As N2 


, P2 is force commutated and forward biased SCR N1 is turned 
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Fig. 10,3. Voltage and current waveforms for 
. step-down cycloconverter with discontinuous load curreht. 
is forward biased, it starts conducting but load current direction ig reversed, i.e. it is now 
from 0 to A. After N2 is triggered, load current builds up in the negative directicn as shown 
in, Fig. 10.3 (c), In the next half-cycle, 0 is positive with respect to a but before N1 is fired, 
ig decays to zero and N2 is naturally commutated. Now when N1 is gated at (5x + a), iy again 
builds up but it decays to zero before thyristor N2 in sequence is again gated. In this manner, 
four negative half cycles of load voltage and load current, equal to the number of four positive 
half oycles, are generated. Now P1 is again triggered to fabricate further four positive half 
cycles of load voltage and so on. For discontinuous load current, natural commutation is 
achieved, i.e. P1 goes to blocking state before P2 is gated and so on. 


In Fig. 10.3, mean output voltage and current waves are also shown. It is seen from this 


figure that frequency of output voltage and current is fy = ; i: 


(b) Continuous load current. When a is positive with respect to 0 in Fig. 10.1 (a), P1 
is triggered at at=, positive output voltage appears across load and load current starts 
building up, Fig. 10.4 (c). At of =x, supply and load voltages are zero. After wt = 1, P1 is 
reverse biased. As load current is continuous, P1 is not turned off at wt= 2. When P2 is 
triggered in sequence at n+, a reverse voltage appears across P1, it is therefore turned off 
by natural commutation. When P1 is commutated lead current has built up to a valué equal 
to RR, Fig. 10.4 (c). With the turning on of P2 at (x+ a), output voltage is again positive as 
it was with P1 on. As a consequence, load current builds up further than RR as shown in Fig. 
10.4 (c). At (2x + &), when Pi is again turned on, P2 is naturally commutated and load current 
through P1 builds up beyond RS as shown. At the end of four positive half cycles of output 
voltage, load current is RU. When N2 is now triggered after P2, load is subjected to a negative 
veltage cycle and load current ig decreases from positive RU to negative AB (say) as shown 
in Fig. 10.4 (c), Now N2 is commutated and N11 is gated at (5n + a). Load current %) becomes 
more negative than AB at (6n + a), this is because with N1 on, load voltage is negative. For 
four negative half cycles of output voltage, current ip is shown in Fig. 10.4 (c). Load current 


fh 
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Mean output voltage, 


Fig. 10.4. Voltage and current waveforms for 
step-down cyeloconverter with continuous load current. 

waveform is redrawn in Fig. 10.4 (d) under steady state conditions. It is seen from load current 
waveform that iy is symmetrical about @ axis in Fig. 10.4 (d). The positive group of voltage 
group and current wave consists of four pulses and same is true for negative group of wave. 
One positive group of pulses along with one negative group of identical pulses constitute one 
cycle for the load voltage and load current. The supply voltage has, however, gone through 
four cycles. The output frequency is, therefore, fo=4 f, in Fig. 10.4. 


10.1.2.2. Bridge-type cycloconverter. The operation of bridge type cycloconverter 
shown in Fig. 10.1 (b) can be easily explained for both discontinuous and continuous load 
currents. The voltage and current waveforms would again be as shown in Fig. 10.3 for 
iscontinuous load current and as in Fig. 10.4 for continuous load current. The explanation 
f bridge-type cycloconverter is left as an exercise to the reader. 
10.2. THREE-PHASE HALF-WAVE CYCLOCONVERTER 
The object of this section is to consider how single-phase low-frequency output voltage is 
fabricated from the segments of 3-phase input voltage waveform. Then three-phase to 
three-phase cycloconverters are described. 
10.2.1. Three-phase to Single-phase Cycloconverters 
_ For converting three-phase supply at one frequency to single-phase supply at a lower 
"frequency, the basic principle is to vary progressively the firing angle of the three thyristors 
of a 3-phase half-wave circuit. In Fig. 10.5, firing angle at Ato 90°, at B firing angle is 
somewhat less than 90°, at C the firing angle is still further reduced than it is at B and so 
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on. In this manner, a small delay in firing angle is introduced at C, D, E, F and G. At G, the 
firing angle is zero and the mean output voltage, given by Vo = Vy. 60S 0, is maximum at G. 
At A, the mean output voltage is zero as a= 90°. After point G, a small delay in firing angle 
is further introduced progressively at points H, I, J, K,L and M. At M, the firing angle is 


Fabricated output =0° i output voltage 


voitage 


Fig. 10.5. Fabricated and mean output voltage waveforms for a single-phase cycloconverter. 


again 90° and the value of mean output voltage is zero. The gating circuitry is suitably 
designed to introduce progressive firing angle delay as discussed here. In Fig. 10.5, the 
single-phase output voltage, fabricated from 3-phase input voltage, is shown by thick curve. 
Mean output voltage wave is obtained by joining points pertaining to average voltage values. 
For example, at A, a = 990°, Vo=0 ; at G,a=0°, therefore Vo has maximum mean output 
‘voltage and so on. It is seen from Fig. 10.5 that fabricated output voltage given by thick curve 
can be resolved into fundamental frequency output yoltage plus several other harmonic 
components. The load inductance can, however, filter out the high-frequene; unwanted 
harmonics. Fig. 10.5 reveals that for one half-cycle of fundamental frequency oufput voltage 
(marked mean output voltage in this figure), there are eight half cycles of supply frequency 


voltage. This shows that output frequency fo= ih where f, is the supply freqyéncy.' 


_ It is obvious from Fig. 10.5 that for obtaining positive half cycle of low-frequency output 
voltage, firing angle is varied from 90° to zero degree and then to 90°. For obtaining one cycle 
(consisting of one positive half cycle and one negative half cycle) of low frequency output 
voltage, the firing angle should be varied from 90° to zero degree to 90° for positive half cycle 
and from 90° to 180° and back to 90° for negative half cycle. This is illustrated in Fig. 10.6. 


It is thus seen from above that a complete cycle of low-frequency output voltage can be 
fabricated from the segments of 3-phase input voltage waveform by the use of phase-controlled 
converters. The cycloconverter can be made to deliver any pf load. In Fig. 10.6, the device is 
shown to deliver a lagging pf load. In a thyrister converter circuit, current can only flow in 
one direction. For allowing the flow of current in both the directions during one complete 
cycle of load current, two three-phase half-wave converters must be connected in antiparallel 
as shown in Fig. 10.7. The converter circuit that permits the flow of current during positive 
half cycle of low-frequency output current is called positive converter group. The other group 
permitting the flow of current during the negative half cycle of output current is called 
negative converter group. For a three-phase to single phase cycloconverter, schematic diagram 
is shown in Fig. 10.7 (a) and basic circuit configuration in Fig. 10.7 (6). This figure uses two 
3-phase half wave converters in anti-parallel, the positive group for the conduction of positive 
load current and the negative group for the flow of negative load current. 


Examination of Fig. 10.6 reveals that when output current is positive (above the reference 
line a), positive converter conducts. Under this condition, positive converter acts as a rectifier 
when output voltage is positive and as an inverter when output voltage is negative. When 


+ fie. 
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Fig. 10.6. Voltage and current waveforms for a 3-phase half-wave cycloconverter. 


output current is negative, the negative converter conducts ; under this condition, negative 
converter acts as a rectifier when output voltage is negative and as an inverter when output 
voltage is positive. It can thus be inferred, in general, that ohe of two component converters 
in Fig. 10.7 would operate as rectifier if the output voltage and current have the same polarity 
and as an inverter if these are of opposite polarity. 

Fig. 10.7 is almost similar to Fig. 6.39 for a dual converter where two phase-controlled 
converters are connected in antiparallel. As in a dual converter ; in Fig. 10.7 also, both the 
component converters belonging to one phase can be phase-controlled simultaneously to 
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Fig. 10.7. Ficaopuuas to single-phase cycloconverter (¢) saints diagram and 
(8) basic circuit configuration with JG reactor. 
fabricate the output voltage. Though the output voltages of the two converters in the same 
shase have the same average value, their output voltage waveforms as a function of time 
aes however, different and as a result, there will be a net potential difference across the two 
converters of Fig. 10.7 (a). This net voltage would cause a circulating current in the twe 
converters, this is similar to a dual converter. This circulating current can be avoided by 
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,, removing the gating signals from idle converter or can be limited to a low value by inserting 
an intergroup reactor (IGR) between the positive and negative group converters as shown in 
Fig. 10.7 (6). In order that the average value of the two converters are equal in magnitude 
and opposite in sign, the sum of their firing angles must be 180°. In other words, if 
a, and, are the firing angles for positive and négative group converters respectively, then 
these firing angles should be so controlled as to satisfy the relation «, + a, = 180°. 


10.2.2. Three-phase to Three-phase Cycloconverters 


When 3-phase low-frequency output is required, then three sets of phase-controlled 
3-phase to single-phase circuits are inter connected as shown in Fig. 10.8 (a). Each phase of 
the 3-phase output must have a phase displacement of 120°. Fig. 10.8 (6) shows the circuit 
arrangement of 3-phase to 3-phase cycloconverter using three sets of three-phase half-wave 
circuits employing a total of 18 thyristors. The device of Fig. 10.8 is also called three-pulse 
3-phase to 3-phase cycloconverter. 


3-phase 
ts 


® load 
Fig. 10.8. 3-phase to 3-phase cycloconverter employing 3-phase half-wave circuits 
(c) schematic diagram and (6) basic circuit arrangement. - ate 
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idge circuit. Out of the several configurations of 3-phase to 3-phase 
e only one important scheme, used for large industrial drives, is 
prfsented. This scheme, shown in Fig. 10.9, employs thirty-six thyristors and is called 6-pulse, 
3-phase to 3-phase cycloconverter. In this circuit, each phase group consists of a 3-phase 
dual-converter with two JGRs. The load phases, shown in star in Fig. 10.9, must not be 


Three-phase bri 
cyjloconverters ; her 


noses 
= C1 


Y RAA 
1GR 
Tee 
Lai~ 

S-phase 
toad 

Fig. 10.9. Six-pulse, 3-phase to 3-phase eycloconverter using 36 thyristors 

and with isolated load phases. 


3-9 load 
Fig. 10.10. Three-phase bridge cycloconverter using 36-thyristors 
and with non-isolated load phases. 
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interconnected. If it is done, then positive group of one output phase and negative group of 
her output phase would be joined together through IGRs without load impedance which is 
desirable. In case it is essential to interconnect the load phases in star or delta, then each 
phase group is supplied separately from three secondary windings S1, S2 and S83 of a 
three-phase transformer as shown in Fig. 10.10. In this arrangement, as individual phase 
groups are isolated from each other on the input side, the interconnection of load phases in 
star or delta is permissible. 

The magnitude of output voltage in a 3-phase bridge circuit of Fig. 10.9 is double of that 
in the 18-thyristor circuit of Fig. 10.8 (6). In case voltage and current ratings of all the SCRs 
in Figs. 10.8 (6) and 10.9 are identical, then total VA rating of bridge circuit would be double 
of that of the 18-thyristor circuit. Three-phase bridge circuit gives a smooth variation of 
output voltage, but its control circuit is complex and expensive. 


10.3. OUTPUT VOLTAGE EQUATION FOR A CYCLOCONVERTER 


In this section, emf expressions for the line-commutated phase-controlled cycloconverters 
are discussed. 


A cycloconverter is esentially a dual converter but so operated as to produce an 
alternating output voltage. Each SCR in a cycloconverter works as a phase-controlled 
converter with a varying firing angle. 


In a 3-phase half-wave converter, each phase conducts for aR radians of a cycle of 2x 
radians. In general, for an m-phase half-wave converter, each phase conducts for an radians 


in one cycle of 2n radians, this is shown in Fig. 10.11. With time origin AA’ taken at the peak 
value of supply voltage, the instantaneous phase voltage is 


v=V,, cos at = V2 V,, cos ot 
where Va = Fms value of per-phase supply voltage. 


ot 


Fig. 10.11. Output voltage waveform for m-phase 
half-wave converter with firing angle a. 


It is seen from Fig. 10.11 that conduction takes place from = to ~ for a= 0°. For any 
firing angle a, the conduction is from |- n+ a| to ee a | Thus average value of output de 


voltage V,, equal to the average height of shaded area in Fig. 10.11, is 


424 {Art. 10.3] ' Posse: Pleetronies 


" Vi= n fr) cos a alot = V, im) sin Ls cos & ane 
i On [-S+8) moe =m \*J m : parc 


For zero firing angle delay, the average value of direct voltage V,, is g-ver as 
Vin = Vin = sin = av2 Von = sin a 
In an actual cycloconverter, the firing angle is gravy ly varied. For any firing angle, the 
output phase voltage at any point of the low-frequency ~ ‘tage wave is equal to Vy, cos & on 
the assumption of continuous conduction. Note that the rei..':on Vy, cos & neglects the voltage 
fluctuations superimposed on the average low-frequency weveform. 
If V,, is the fundamental rms value of per phase output voltage of cycloconverter, the 
peak output voltage for zero firing angle is 


VE Vo = Vao = V2 Von (™\sin = 
ae m 


or Vor = Vpn (3 sin al (10.2) 
In practice, the firing angle a, of positive group cannot be reduced to zero, for this firing 
angle corresponds to a, = 180-0, = 180° for negative group. Actually, inverter firing angle 
can never be equal to 180° because of commutation overlap and thyristor turn off time. As a 
result, firing angle for positive group can never be zero but must have some finite value. Let 
this minimum value of firing angle for positive group be On, that is possible in a practical 
cycloconverter. For this firing angle, maximum output voltage per phase is 
Va ma = Vado 008 Oy =F * Vio - (10.8) 
where 1 =COS Om, and is called the voltage reduction factor. 


Thus the expression for the fundamental rms phase value of the output voltage of a 


eycloconverter is given by 
Vop=r om (@] : (10.4) 


‘AS Om, is always greater than zero, the voltage ‘reduction factor, r, is always less than 
unity. 

Eq. (10.4) gives the rms value of the per phase output voltage for a 3-phase to 3-phase 
or 3-phase.to single phase cycloconverter employing m-phase half-wave circuits as shown in 
Fig. 10.7 or 10.8. 

Eq. (10.4) is also applicable for 3-phase to 3-phase or 3-phase to single-phase 
eycloconverter employing 6-pulse bridge converter circuit of Fig. 10.9 or 10.10, but then m is 
equal to the number of pulses and V,, in Eq. (10.4) must be replaced by line to line voltage. 

Example 10.1. A 3-phase to single-phase cycloconverter employs 3-pulse positive and 
negative group converters. Each converter is supplied from delta/star transformer with per 
phase turns ratio of 2: 1. The supply voltage is 400 V, 50 Hz. The RL load has R=2 Qand 
at low output frequency, ML = 1.5 Q Inorder to account for commutation overlap and thyristor 
turn-off time, the firing angle in the inversion mode should not exceed 160°. Compute 

(a) the value of the fundamental rms output voltage , 

(b) rms output current and 

{c) output power. 
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Solution. (a) Per phase input voltage to transformer = 400 V. 
Per phase input voltage to converter, 


" 


Voltage reduction factor, r= cos (180 - 160) = cos 20° 
For 3-phase pulse device, m = 3. From Eq: (10.4), the rms value of fundamental voltage 

is 
V, 


01 


= cos 20] 200 a sin ;| = 155.424 V 


r 3 
155.424 115 


(6) Rms output current =r et —-6tan’ 20 
I, = 62.17 |- 36.87° Amps. 

(c) Output power = P. ‘R= (62.17) x 2 = 7730.22 W. 

Example 10.2. Repeat Example 10.1 in case 3-phase to 1-phase cycloconverter employs 
6-pulse bridge converter. 

Solution. (a) Per phase input voltage to converter = 200 V 

Line voltage input to bridge converter = 200 V3 V 

Voltage reduction factor, r= cos 20° 

For 6-pulse device, m = 6. From Eq. (10.4), the rms value of output voltage is 


Vor = ¢08 20 [200 Ww (E}s= 5] =810.84V 


This example demonstrates that output voltage in a 6-pulse bridge converter employing 
36 thyristors is double of that in a 3-pulse half-wave converter using 18 thyristors.’ 


~3,10.84 | 115 
(b) Rms output current =P 2 
= 124.34 |- 36.87° Amps 
(c) Rms output power = (124.34)? x 2 = 30920.88 W. 


This example shows that output power handled by a 6-pulse bridge converter is four times 
the power handled by a 3-pulse converter. 


10.4, LOAD-COMMUTATED CYCLOCONVERTER 

Astep-up cycloconverter discussed previously requires forced-commutation. An additional 
circuitry for force-commutating the thyristors in a cycloconverter is, therefore, essential. The 
process of force commutation, however, does not depend upon the source or load voltage, 

In the step-down cycloconverter discussed in the previous sections, the phase-controlled 
cycloconverter rely on natural commutation for their operation. The natural, or line, 
commutation is provided by the supply voltage. In these cycloconverters, the output frequency 
fo is less than the input supply frequency f,. 

A load-commutated cycloconverter differs from the force-commutated and 
line-commutated cycloconverters discussed so far. In load-commutated circuit, the thyristors 
are commutated by the reversal of the load voltage. This implies that the load circuit must 
have a generated emf that should be independent of the source voltage. The most usual 
example for such a load is wound-field or permanent-magnet synchronous machine. For such 
loads, the load frequency may be equal to, or greater than, the source frequency and for both 
these cases, thyristors will be naturally commutated by the reversal of the load circuit emf. 


ten 
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PROBLEMS 


10.1 (a) What is a cycloconverter ? Enumerate some of its industrial applications. 

(b) Describe the operating principle of single-phase to single-phase step-up cycloconverter with the 
help of mid-point and bridge type configurations. Illustrate your answer with appropriate circuit and 
waveforms. The conduction of.various thyristors must also be indicated on the waveforms. 

10.2. Describe the basic principle of working of single-phase to single-phase step-down cyclocon- 
verter for both continuous and discontinuous conductions for a bridge-type cycloconverter. Mark the 
conduction of various thyristors also. 

10.3. A single-phase to single-phase mid-point cycloconverter is delivering power to a resistive load. 
The supply transformer has turns ratio of 1: 3:1. The frequency ratio is fo/f, = 1/5. The firing angle 
delay © for all the four SCRs are the same. Sketch the time variations of the following waveforms for 
@=0° and @=80°: 

(a) Supply voltage (6) Output current and (c) Supply current. 

Indicate the conduction of various thyristors also. 

10.4. A single-phase to single-phase cycloconverter of Fig. 10.12 is used for obtaining an output 
frequency of ; of the input frequency. urns ratio from primary to upper secondary is 1/1 and to lower 
secondary is 1/2. The thyristors are so triggered as to obtain e symmetrical output voltage waveform. 

PI 


Fig. 10.12. Pertaining to Example 10.4. 


Sketch the output voltage and output current waveforms for a resistive load for firing angle 
a= 0° and a=30°. Indicate the conduction of various components. 


10.6. (c) Diseuss why 3-phase to 1-phase cycloconverter requires positive and negative group 
hase-controlled converters. Under what conditions, the groups work as inverters or rectifiers ? How 
Trould the firing angles of the two converters be controlled ? : 

(b) Describe 3-phase to 3-phase cycloconverter with relevant circuit arrangements using 18 SCRs 
and 36 SCRs. 

What are the advantages of 3-phase bridge circuit cycloconverter over 18-thyristor device ? 

10.7. (a) Show that the fundamental rms value of per-phase output voltage ‘of low-frequency for an 
m-pulse cycloconverter is given by 


m)\.. (% 
Vo=¥oa( sin|7, 


Hence express V,, in terms of voltage reduction factor. 
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(6) What is a load commutated cycloconverter ? How does it differ from force-commutated and 
Tien cycloconverters ? 


10.8. A 3-phase to single-phase cycloconverter employs a 6-pulse bridge circuit. This device is fed 
from 400 V, 50 Hz supply through a delta/star transformer whose per-phase turns ratio is 3 : 1. For an 
output frequency of 2 Hz, the load reactance is aol = 3 Q. The load resistance is 4 2. The commutation 


overlap and thyristor turn-off time limit the firing angle in the inversion mode to 165°. Compute 
(a) peak value of rms output voltage (6) rms output current and (ce) output power. 
: (Ang. (a) 301.215 V (6) 42.605 /- 36.87° A (c) 7260.74 W] 


10.9. Repeat Problem 10.8 in case 3-phase to 1-phase cycloconverter employs 3-pulse positive and 
negative group converters. fAns. (a) 150.602 V (6) 21.302 /- 36.87° A (c) 1815.1 W] 


ELEVEN 


Some Applications 


Several applications of power electronics are listed in Art 1.2. Study of all these 
applications will be a voluminous task. Even then, some of these applications described in 
this chapter will be of interest to the reader. 


11.1. SWITCHED MODE POWER SUPPLY (SMPS) 

With advances in electronics, need for de power supplies for use in integrated circuits 
(ICs) and digital circuits has increased manifold. For such electronic circuits, NASA was the 
first to develop a light-weight and compact switched mode power supply in the 1960s for use 
in its space vehicles. Subsequently, this power supply became popular and presently, annual 

‘ production of SMPSs may be as high as 70 to 80% of the total number power supplies 
produced. 

At this juncture, a question may arise that controlled de supply can also be obtained from 
phase-controlled rectifiers. Then why go in for SMPS ? An ac to de rectifier operates at supply 
frequency of 50 (or 60) Hz. In order to obtain almost negligible ripple in the dc output voltage, 
physical size of filter circuits required is quite large. This makes the de power supply 
inefficient, bulky and weighty. On the other hand, SMPS works like a de chopper. By operating 
the ‘on/off switch very rapidly, ac ripple frequency rises which can be easily filtered by 
Land C filter circuits which are small in size and less weighty. It may therefore be inferred 
that it is the requirement of small physical size and weight that has led to the wide spread 
use of SMPSs. 

‘As stated above, SMPS is based on the chopper principle. The output de voltage is 
controlled by varying the duty cycle of chopper by PWM or FM techniques. The circuit 
configurations used for SMPS can be classified into four broad categories; namely flyback, 
pushfull, half bridge and full-bridge. 

In SMPS circuits discussed here, PWM technique is used for the inverter. The output of 
the inverter is then converted to dc by a diode rectifier. As the inverter is made to operate at 
very high frequency, the ripples on the de output voltage can be filtered out easily by using 
small filter components. If the switching devices are power transistors, the chopping 
frequency is limited to 40 kHz. For power MOSFETs, the chopping frequency is of the order 
of 200 kHz; as a result, size of the filter circuit and transformer decreases leading to 
considerable savings. At such high frequency, ferrite core is used in transformers. 

The four categories of SMPSs listed above are now discussed briefly. 


11.1.1. Flyback Converter 


The circuit configuration for flyback converter is shown in Fig. 11.1. It consists of a power 
MOSFET: M1, transformer for isolation purposes, diode D, capacitor C and load. An 
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1p. 

When power MOSFET is 
turned on, supply voltage V, is 
applied to the transformer 
primary, i.e. v,=V,. A corres- 
ponding voltage v2, with: the 
polarity as shown in Fig. 
11.2(a), is induced in the 
transformer secondary, ie. 


7 ae rectifier converts ac to de output which is fed to flyback SMPS as shown in Fig. 


V, 
5 : 
Ug= N, N,. AS v2 reverse biases 


diode D, equivalent circuit of 
Fig. 11.2(@) is obtained. Filter 
capacitance C is assumed large 


enough so that capacitor 2 
voltage vu, (t) = load or output : Fig. 11.1. Flyback SMPS. 


voltage Vo is taken as almost constant. When M1 is turned off, a voltage of opposite polarity 
is induced in primary and secondary windings as shown in Fig. 11.2(b). Voltage across 


Uncontrolied 
rectifier 


V, 
transformer secondary is v2 =~ Vy =- w Ne Diode D is forward biased and starts conducting 
1 


a current ip. As a result, energy stored in the transformer core is delivered partly to load and 
partly to charge the capacitor C. 


(a) (0) 
Fig. 11.2. Flyback SMPS equivalent circuit during (a) T,, and (b) Topp. 


Waveforms for v,, vo, transformer magnetizing current i,, and diode current ip are shown 


in Fig. 11.3. During the time M1 is on, v, = V,, *= a .N,. For magnetizing current, it is 
1 

assumed that transformer core is not demagnetized completely at the end of periodic time 

T=T.,, + Tyg. In other words, it means that transformer magnetizing current at f = 0 is not 


ant to, 
zero but has some positive value /,,,. Therefore, during T,,,, magnetizing current rises linearly 


from its initial value [,,, to/,,, att =T,,,. With the rise of i,, during T.,,. riagnetic energy gets 
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stored in the transformer core. The variation of i,, as shown in Fig. 11.3 can be expressed as 


under : 
2 ve 
int) = Imo + = # dae OSES Toy ALLL) 
where L = transformer magnetizng inductance, H 
4 
At =D yy tn (Lyn) = Im Imo GE’ Ton ALL2) 


When M1 is turned off, the emfs induced in 
primary and secondary windings are reversed as 
shown in Fig. 11.2(b). Diode D is now forward 
biased. A current in transformer secondary winding 
begins to flow through D. As this current Ip or 
magnetizing current i,, reduces from I,,; to Imo at 


t=T, transformer core energy is delivered to load. 

During Tyg, M1 is off and v2=— Vo. This voltage 

V, 

when referred to primary is 0; =-y 
2 

of current i,, during T,, can be expressed as under: 


Nj. The fall 


Vv 
ig (= Ta ye Map to Ton x Ty <t<T 


Att=T, 
. vi 
: in(D Ima HN ET Ton) 


Substituting the value of J,; from Eq. (11.2) in o 


the above expression, we get amar Tot ap tense tot —o! 
: ‘ _——T-—-— : 
V. V, 
in (T) = Imo + Z Ton > —2.N,- + (T-Ton) Fig. 11.3. Waveforms for 
a 2 flyback converter SMPS. 
A114) 


Since the net energy stored in core over periodic time T is zero, 


im (O) =i (P) 


or [Eq. (11.1) at t= 0} = [Eq. (11.4) at f= T\ 
V, Vv, 1 
Ino =Imo+ 7. To yp Oot 
Vo 
or V, Ton = Ton) 
a-V,*Ton @:Vs"h 
:, Load voltage, Vo= F-T,,  1-k (11.5) 


N. 2 
where a= a transformer turns ratio from secondary to primary 
1 


T. 
and k= ? duty cycle of flyback converter. 
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' It is seen from Fig. 11.2 (6) that open circuit voltage across M1 is 


_V, Vv, 
Voe= t+ Vea ae M+V,= 2 4+V, 
Vs-k Vin 7 
From Eq. (11.5), Vi. = T-k +V,= 1-k (11,6) 


Eq. (11.3) gives current on primary side of the transformer. This current, when referred 
to secandary side, is equal to diode current ip. 


. * N, 
in = in OH 


Vv, 
oe (t-T,,) (11.7) 
a 


Flyback converter offers simple SMPS and is useful for applications below about 500 W. 

11.1.2. Push-pull Converter ; 

SMPS with push-pull configuration is shown in Fig. 11.4. It uses two power MOSFETs 
M1 and M2 and a transformer with mid-taps on both primary and secondary sides. As in 
flyback converter, an uncontrolled rectifier feeds push-pull SMPS. Inductor L and capacitor 
C are the filter components. 


Uncontrolled 
rectifier 


x pa pea Ge gp at | 


Control 
circuit 


Fig. 11.4. Push-pull SMPS. 
When M1 is turned on, V, is applied to lower half of transformer primary, i.e. v, = V,. As 


V, 
a result, voltage v. = N, N, is induced in both the secondary windings. Voltage uv. in the upper 


half secondary forward biases diode D1, therefore load voltage Vy is given by 
Vv, 


Vo= WN, * N,=av,. 


i 
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When M2 is turned on, v, = V,is applied to upper half of primary winding. Consequently, 


V, 

of - WN. Np is induced in both the transformer secondaries. As v2 is negative, diode D2 gets 
1 ’ 

forward biased and Vy =a V, as before. 

This shows that voltage on primary swings from + V, with M1 on to - V, with M2 on. 
Power MOSFETs M1 and M2 operate with duty cycle of 0.5. When M1 is off, the voltage 
across M1 terminals is V,, = 2V,. ‘As both M1 and M2 are subjected to open-circuit voltage of 
2V,, this configuration is suitable for low-voltage applications only. 


11.1.3. Half-bridge Converter 


The circuit for half-bridge SMPS configuration is shown in Fig. 11.5. It consists of an 
uncontrolled rectifier, two capacitors C1 and C2, two power MOSFETs M1 and M2, one 
transformer with mid-tap on the secondary side, two diodes Di and D2 and filter components 
Land Cc. 


Uncontrolled 
rectifier . 


Control 
circuit 


Fig. 11.5. Half-bridge SMPS. 


Two siparitoes Ci and C2 have equal capacitance, therefore voltage across each of the 
two is “ When M1 is turned on, voltage of Cl appears across transformer primary, 1.e. 
v= e and voltage induced in secondary is v2 = ae -N, and diode D1 gets forward biased. 
When M2 is turned on, a reverse voltage of 2 appears across transformer primary from C2, 
Le. vy=n Me and voltage induced in secondary winding is v.=— an, No therefore diode D2 

Vv 


gets forward biased. This means that transformer primary voltage swings from -3 to 


V, 
+ 3 Average output voltage, however, is 
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V, 
i Vor gy Nan 05e¥, 

When M1 is off, open circuit voltage across M1 terminals is V,, = V,. When M2 is off, as 
before V,.=V,. For h.v.de applications, half-bridge converter is, therefore, preferred over 
push-pull converters. For .v.de applications, push-pull SMPS is preferred due to low 
MOSFET currents. 

11.1.4. Full-bridge Converter 

The circuit arrangement for a full-bridge SMPS is shown in Fig. 11.6. It consists of an 
uncontrolled rectifier, four power MOSFETs, transformer with mid- tap secondary, two diodes 
and LC filter circuit. As in all the previous circuits, the function of control circuit is to sense 
the output load voltage and to decide about the duty ratio of MOSFETs. 


Uncontrolled 
rectifier 


Controt 
circuit 


Fig. 11.6. Full bridge SMPS. 
When power MOSFETs M1 and M2 are turned on together, voltage V, appears across 


V, 
transformer primary, i.e. v,;=V, and secondary voltage v2 = Ny, -N,=aV,. Diode D1 gets 
forward biased and V, = a V,. When M3 and M4 are turned on together, the primary voltage 
V, 
is reversed, i.e. v, =— V, and vp =~ N. N,=~-a V,. Therefore, diode D2 now begins to conduct 
1 


and the output voltage is again Vy=a V,. 


The open circuit voltage across each MOSFET is V,, = V,. Of all the four configurations 
of SMPSs, full-bridge converter operates with minimum voltage and current stress on the 
power MOSFET. It is therefore very popular for high power applications above 750 W. 

The overall size of SMPSs is dependent on its operating frequency. Use of power 
transistors is limited to approximately 40 to 50 kHz. Above this operating frequency, power 
MOSFETs are used up to about 200 kHz. 

The main advantages of SMPSs over conventional linear power supplies are as under : 

! (é) For the same power rating, SMPS is of smaller size, lighter in weight and possesses 

higher efficiency because of its high-frequency operation. 
(ii) SMPS is less sensitive to input voltage variations. 


\ 
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The disadvantages of SMPS are as under - 


" (i) SMPS has higher output ripple and its regulation is worse 
(ii) SMPS is a source of both electromagnetic and radio interference due to high fre- 
quency switching. 
(iii) Control of radio frequency noise requires the use of filters on both input and output 
of SMPS. 


The advantages possessed by SMPSs far outweigh their shortcomings. This is the reason 
for their wide-spread popularity and growth. 


11.2: UNINTERRUPTIBLE POWER SUPPLIES 


There are several applications where even a temporary power failure can cause a great 
deal of public inconvenience leading to large economic losses. Examples of such applications 
are major computer installations, process control in chemical plants, safety monitors, general 
communication systems, hospital intensive care units etc. For such critical loads, it is of 
paramount importance to provide an uninterruptible power supply (UPS) system so as to 
maintain the continuity of supply in case of power outages. 


Earlier UPS systems were based on an arrangement shown in Fig. 11.7. This scheme is 
usually called rotating-type UPS. This arrangement consists of DC motor-driven alternator, 
the shaft of which is also coupled to a diesel engine. The three-phase mains supply, after 
rectification, charges a dc battery-bank and feeds the dc motor as well. The uninterruptible 


UPS to Critical 
loads 


ry Battery 
We H Bank 


Fig. 11.7. Rotating-type UPS system based on de motor/alternator set. 


power supply needed is taken from the alternator output terminals. When mains supply fails, 
the diesel engine is run to take over the load. Starting of the diesel engine takes 10 to 15 
seconds. During this period, the battery-bank is able to maintain the alternator speed through 
: the de motor and the flywheel, thus giving a no-break supply to the critical load. At present, 
i however, static UPS systems are becoming popular up to a few kVA ratings. 

Static UPS systems are of two types ; namely short-break UPS and no-break UPS. In 
short-break UPS, the load gets disconnected from the power source for a short duration of 
the order of 4 to 5 ms. In no-break UPS, load gets continuous uninterrupted supply from the 
power source. These are now discussed briefly. 


Short-break UPS. In situations where short interruption (4 to 5 ms) in supply can be 
tolerated, the short-break UPS shown in Fig. 11.8 is used. In this system, main ac supply is 
rectified to de. This de output from the rectifier charges the batteries and is also converted 
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to ac by an inverter, Fig. 11.8. After passing through the filter, ac can be delivered to load in 
case normally-off contacts are closed. Under normal circumstances, normally-on contacts are 
closed and normally-off contacts are open and the main supply delivers ac power to the load. 
At the same time, the rectifier supplies continuous trickle charge to batteries to keep them 
fully charged. In the event of power outage, normally-off switch is turned-on and the batteries 
deliver ac power to critical load through the inverter and filter. A momentary interruption in 


Normally ON: 
Fa—mores ane q 


Power flow 


Cricut} 
meets load 
Inverter 
dc- ac 


Sve Se cowin, x, 


Nor maily off Normally OF 


Main 
ac oO 
supply 


Rectifier 
ac-dc 


: Fig. 11.8. Short-break static UPS configuration. 


the supply (4 to 5 ms) to the load can be observed in case lamps and fluorescent tubes are a 
part of the load. When normally-on switch is opened and normally-off switch is turned on, 
lamps‘ will have a transient dip in their illumination whereas the fluorescent tubes will be 
off momentarily and then get turned on. When the main ac supply appears, critical load gets 
connected, through normally-on switch, to the supply mains. Again, a momentary interruption 
in the illumination is noticed. The arrangement shown in Fig.’ 11.8 is also referred to as 
stand-by power supply. 

No-break UPS. When a no-break supply is required, the static UPS system shown in 
Fig. 11.9 is used. In this system, main ac supply is rectified and the rectifier delivers power 
to maintain required charge on the batteries. Rectifier also supplies power to inverter 
continuously which is then given to ac-type load through filter and normally-on switch. In 
case of main-supply failure, batteries at once take over with no-break of supply te the critical 
load. No dip or discontinuity in the illumination is observed in case of no-break UPS. This 
configuration of Fig. 11.9 has the following additional advantages : 


@) The inverter can be used to condition the supply delivered to load. 
(ii) Load gets protected from transients in the main ac supply. 
(tit) Inverter output frequency can be maintained at the desired value. 


In case inverter failure is detected, the load is switched on to the main ac supply 
directly by turning on the normally-off static switch and opening the normally-on static 
switch. The transfer of load from inverter to main ac supply takes 4 to 5 ms by static 
transfer switch as compared to 40 to 50 ms for a mechanical contactor. After inverter fault 
is cleared, uninterruptible power supply is again restored to the load through the normally 
on switch. The batteries are now recharged from the main supply by adjusting the charger 
at maximum charge rate so that batteries are charged to their full capacity in the shortest 
Possible time. : 
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Fig. 11.9. No-break UPS configuration. 


The standby batteries in the UPS system are either nickel-cadmium (NC) or lead-acid 
type. NC batteries have the following advantages ‘ 
(a) Their electrolyte is non-corrosive. 
(b) Their electrolyte does not emit an explosive gas when charging. 
(c) NC batteries cannot be damaged by overcharging or discharging, these have there- 
fore longer life. - 
Cost of NC batteries is, however, two or three times that of lead-acid batteries. 


The time period for which a battery or a battery-bank can deliver power to load through 
inverter at the required voltage level depends upon (i) the size of the batteries and (ii) nature 
of the load. od 


11.8. HIGH VOLTAGE DC TRANSMISSION 

It is well known that electric power generated in power plants in transmitted to the load 
centre on three-phase ac transmission lines. However, for bulk power transmission over jong 
distances, high voltage dc (HVDC) transmission lines are preferred. HVDC transmission 
possesses the following advantages over AC transmission system : 


(i) In HVDC transmission system, one or two conductors and smaller towers are 
required as against three conductors and tall towers in AC transmission system. 
HVDC transmission, therefore, costs less. 

(ii) Fault clearance in HVDC is faster, therefore DC transmission system possesses 
improved transient stability. 

(iii) Size of conductors in DC transmission can be reduced as there is no skin effect. 

(iv) Two AC systems at different frequencies can be interconnected through HVDC 
transmission lines. 

(v) For power transmission through cables, HVDC is preferred as it requires no charg- 
ing current and the reactive power. 

The additional cost of converting the inverting equipments makes HVDC transmission 
uneconomical for low-power supply over short distances. However, for large-power 
transmission over long distances, HVDC turns out to be economical. As a result, HVDC links 

t are being used worldwide at power levels of several gigawatts with the use of thyristor valve’. 


*The term “thyristor valve”, used on HVDC systems, denotes a number of thyristors connected in series and 
parallel to get the required voltage and current ratings. 


Some Applications (Art. 11.3) 437 


Cc 
AC system 
filter 


system AC 
filler 


p VO7DM<zZ00 
@ VO~UM<z00 


Fig. 11.10. Basic layout for HVDC transmission system. 


Fig. 11.10 shows the basic layout of an HVDC transmission system. Two AC systems 
A and B are interconnected by the DC line. If power flows from A to B, converter A then 
operates as a rectifier and B as an inverter. Reverse power flow from B to A is also possible 
with B acting as a rectifier and A as an inverter. AC filters reduce the current harmonics 
generated by the converters from entering into ac systems. DC filters and smoothing inductors 
L, reduce the ripple in the de voltage. Both converters A and B have 12-pulse configuration. 
The centre-point of converters A and B is earthed with one line, or pole, at +kV and the other 
line, or pole, at -kV with respect to earth for a t kV system. With both the ends earthed, the 
power flow can be maintained with +kV line and the ground or with -kV line and the ground. 

11.3.1. Types of HVDC Link 


There are two basic types of HVDC transmission systems. These are monopolar link and 
bipolar link. 


' Monopolar or unipolar link shown in Fig. 11.11 (a) offers the simplest arrangement. It 
uses a single conductor which has either positive, or negative, polarity, It is preferred to have 


Rectifying Inverting 
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AC AC 
system > System 


Rectifying (b) Inverting 


Fig. 11.11. Types of HVDC link (a) monopolar link and (6) bipolar link. 
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negative polarity for the single conductor as it produces less radio interference. The return 
path is provided by ground or sea. The return current through ground or sea leads to higher 
aes losses, electrolytic action and large potential gradients. 


In bipolar HVDC transmission, two conductors are used, one is positive and other is 
negative with respect to the ground as shown in Fig. 11.11 (b). As stated before, the neutral 
points are grounded at both the ends. As the positive and negative conductors carry equal 
currents, there is no earth current. In casé one line is opened due to fault, the other conductor 
and the ground will form unipolar link and half the rated power can be transmitted untill 
the fault is cleared. It is.obvious from above that bipolar system of HVDC is more reliable 
than the unipolar or monopolar system. As such, HVDC bipolar link is more commonly 
employed. A typical bipolar HVDC arrangement is described in what follows. 


11.3.2. Bipolar HVDC System 


Three-phase 6-pulse phase-controlled converters were discussed in Chapter 6. Current 
harmonies generated on the ac side and the voltage ripple produced on the de side of the 


AC AC 


A AC 2 
siete Filter Filter System 
A B 


Vy = Ug + Ug2 


1) 
Fig. 11.12. (a) Schematic diagram for bipolar HVDC system 
(b) Twelve-pulse converter obtained by connecting two six-pulse converters. 
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converter used in HVDC system must be reduced. This is achieved by using twelve-pulse 
chnverter operation which require the use of two six-pulse converters fed from delta-delta 
d delta-star transformers as shown in the schematic diagram of Fig. 11.12 (a). The details 

of the two converter connections are shown in Fig. 11.12 (6). The delta-star bridge gives 
six-pulse output voltage vz, whereas the other delta-delta bridge also delivers six-pulse output 
voltage Ugo. The two secondaries, one in star and the other in delta, cause a displacement of 
30° in the two six-pulse output voltages such that a twelve-pulse output voltage is obtained 
from Fig. 11.12. It is seen from this figure that the two six-pulse converters are connected in 
series on the de side and in parallel on the ac side. The series connection on the de side helps 
to meet the high-voltage requirement in HVDC systems. 

When the power flow is from system A to system B, converters A operate as rectifiers. 
The average value of converters A is as under : 

Average value of v,, = average value of ug. 


3 oL 
or Van = Vag = —<™ cos a ada 
where V,,;= maximum value of line to line input voltage to each of the two six-pulse 
converters 


L, = transformer leakage inductance per phase referred to the converter side 
I, = de current 
a = firing angle delay. 
The average voltage available across both the series-connected converters, i.e. dc link 
voltage is given by 
6V 1 


Gal, 
Vag = 2V an = 2V a0 = — cos - ~——* T= 8 (Vy c08 a ab, Ia] LLB) 


11.3.3. Control of HVDC Converters 


Positive and negative poles are operated under identical conditions. Therefore, HVDC 
system of Fig. 11.12(a) can be represented on per pole basis as in Fig. 11.13 (a). In this figure, 


Rectifier inverter 


(a) (6) 
Fig. 11.13. (a) Representation of Fig. 11.12 (a) and (6) its equivalent circuit. 
AandB are six-pulse converters. Further, it is taken that converter A is operating as a 
rectifier and B as an inverter. Current J, is then given by 
q _ Vea - Vaw 
Ry 
where R, = resistance of one transmission line conductor. 


Ty 
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In practice, one converter is made to control the transmission line voltage and the other 
‘'ta control the current 1,. The inverter is usually made to operate at a constant margin angle 


yen arp from commutation considerations. It, therefore, follows that inverter is assigned 
the yub of controlling Vy. The current J, and therefore power level is controlled by the rectifier. 
At constant extinction angle y, the inverter de.voltage is given by 
3 8uL, 3 
=-|-— -—!1,|== a i 
Vab [ = C08 Y~ 1| a Vm C08 @L, lay 
and. the rectifier output voltage V, is 


V3= Via = Ves +l Ry 2 Vi 008 1 OL, fal + 1aRe 11.94) 


Also, Va=2 1V,,z 008 2 - OL, 14) (11.90) 


Eq.'(11.9) leads to the equivalent circuit of HVDC system as shown in Fig. 11.13(0). 


Example 11.1. Two six-pulse converters are used in bipolar HVDC transmission system. 
Thé ac systems are 3-phase, 11 O00V, 50Hz. The input transformers have a leakage inductance 
of 10 mH per phase. The current in-de line is 300A. The inverter marginal angle is 20°. 
Resistance of each de transmission line is 1 Q. Calculate firing angle of the rectifier, its output 
voltage and de link voltage. 


Solution. It is seen from the equivalent circuit of Fig. 11.13 (b) that 


: 3y, Bub, T, _ 3V, 8a, «1, 
BV mt cost — et 8 = 008 Y- sid 4 14-Ry 
fi n ™ bg 
= Peery oe 
or cos = 008 + SY, Ty Ra 


3 
a ° 
= cos 20' +3 es i000 8°? ; 


or | a. = 16.283° 
"ae 8v, Bal, - 1 
Rectifier output voltage, Va= a cos & — ae 


-3 [NZ x 11000 x cos 16.283° ~ 2x x 50 x 10 x 10° * x 300} 


= 19357.2V 
DC link voltage =2V,=2%x 43357.2 = 26714.4 V= 26.714 kV. 


Example 11.2. Two six-pulse converters, used for bipolar HVDC transmission system, are 
rated at 1000 MW, +200 kV. Calculate the rms current and peak reverse voltage ratings for 
each of the thyristor valves. 


Solution. The de transmission voltage 
= 200 + 200 = 400 kV 


Direct current in the transmission lines, 


1,2 2000230 - 2500 A 


It is seen from the working of a 3 phase full converter that each thyristor conducts for 
120° for a periodicity of 360°. 
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-. Rms current rating of thyristor 


= {220 _ 5 fi - 
#14 \i3gq = 2500 Vz = 1443.38 A 


3V, 
Also, =a cos a= 200 kV 


3V 
For extreme cases, «= 0° and a 200 kV 


ans Y Vise 200% ® _209.44kV 
Since there are two SCRs conducting simultaneously in a six-pulse converter, the peak 
reverse voltage across each thyristor valve = 2Onad = 104.72kV. 


11.4, STATIC SWITCHES 
A switch having no moving parts is called a static switch. Power semiconductor devices 
which can be turned on and off within a few microseconds can be used as fast-acting static 
switches. For high-power applications, thyristors are being used as static switches whereas 
for low-power applications, power transistors are preferred. Static switches are now replacing 
mechanical and electromechanical switches because of several advantages listed below : 
(i) On time of a static switch (SS) is of the order of 3 ys, it has therefore very high 
switching speed. 
(ii) SS has no moving parts, its maintenance is therefore very low. 
(iii) SS has no bouncing at the time of turning on. 
(iv) SS has long operational life. 
In static switches, however, attention must be paid to leakage current during their off 
periods. 


Firing 
circuit 


{a) (0) 
Fig. 11.14. Single-phase switches 
(a) electromechanical (b) triac and (c) two-thyristors in anti-parallel. 

An electromechanical switch shown in Fig. 11.14(a) is actuated by magnetic coil or 
plunger. The static switches using triac and two thyristors in anti-parallel are shown in Fig. 
11,14 (6) and (c) respectively. Static switches are now being used for relays, circuit breakers, 
fuses, flashers, UPS, automobile blinkers etc. 


It may be observed that circuit of Fig. 11.14(c) is the same as that of Fig. 9.4(a) for 
single-phase ac voltage controller. But these twe circuits are operated differently. Note that 
static means changeless. In other words, this implies that static switch merely connects a 
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load to the supply or disconnects a load from the supply. Static switch does not change or 

-ontrol the power delivered to load as it is done in a single-phase voltage controller. In static 

fess. the semiconductor switches are turned on at zero-crossing of load current, whereas 
ig not so in single-phase voltage controllers. 


Static switches can also be used for latching. current and voltage detection, time-delay 
circuits, transducers etc: 


Static switches are of two types : (é) ac switches and (ii) de switches. If the input is ac, 
ac Ss are used and for de input, de SSs are used. Switching speed for ac switches is governed 
by the supply frequency and turn-off time of thyristors. For dc static switches, the switching 
speed depends on the commutation circuitry and turn-off time of fast thyristors. AC switches 
may be single-phase or three-phase. Static switches are discussed in what follows: 

11.4.1. Single-phase AC Switches 

The circuit diagram of a single-phase ac switch is shown in Fig. 11.15 (a). Here two 
thyristors are. connected in anti-parallel. For resistive load in Fig. 11.15 (a), the waveforms 
for source voltage v,, triggering pulse i; for T1 and pulse i,. for 7T2, load voltage vo and load 
current ig are shown in Fig. 11.15(c). Note that T1 is triggered at wt = 0°, wt = 2m, ..... and T2 
is triggered at wi =T, 8n.... when the load current waveform is passing through zero. For 


RL load, output or load current ip lags Up by load power-factor angle $= tan? a For RL 


load, T1 must be triggered at at = 6, 20+ 6,.... and T2 at m+, 3R+ and so on, Fig. 11.15(d). 
Atriac TR can replace two anti-parallel thyristors as shown in Fig. 11.15(). For triac, only 
one pulse i, = tg, = igg in each half cycle will be required. 


(a) 


@) Yo 


(6) 


() @) 


Fig. 11.15. Circuit diagram for single-phase ac switch (a) using two thyristors 
(b) using one triac (c) waveforms for R load (d) waveforms for RL load. 
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As load current waveform i, is a sine wave, it can be expressed as 
| ig =I, 8in OF 
Rms value of load current Zo, or source current i,, in Fig. 11.15 (c) and (d) is 


: A wey. 
ta =ty={2 ff sin ot dean] == 11.10) 


Note that each thyristor carries current for 180° for each cycle of load current. Therefore, 
average value of thyristor current is : 


at ‘ aim 
Ina = 3 J In sin wt (oe) = 2 AL) 
and rms value of thyristor current, 
1/2 
=|"? sin? or. alm 
tay=| 5 [8 in ot ao] 2 2 11,12) 


A bi-directional switch, using four diodes and one thyristor (or a triac or a GTO) is shown 
in Fig. 11.16(a). This circuit, in performance, is similar to that of Fig. 11.15(a). The waveforms 
for source voltage v,, triggering pulse i, for thyristor 7, load current i, or source current i, 
and thyristor current ip are shown in Fig. 11.16(6). It is seen from this figure that rms value 
of thyristor current, 


1/2 
= 1 re = I, 
In, [: fa sin” wt aves 5 (11.18) 
and average value of thyristor current, 
21, 
Ina = J In sin at - dwt) ==" (11,14) 


(a) ; ) 
Fig. 11.16. (a) Single-phase ac bi-directional switch (b) its waveforms. 
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11.4.2. DC Switches 
« As stated before, in de switches the input voltage is de. Power semiconductor devices used 
in a'de switch may be transistors, thyristors or GTOs. 

When thyristor is used, it must have forced commutation circuitry as an integral part of 
de switch. One such circuit giving the principle of operation of a de switch is shown in Fig. 
11.17(a). Here T1 is the main thyristor and TA is the auxiliary thyristor. Capacitor C is 
charged to source voltage V, with lower plate positive. When T1 is on, normal load current 
I, flows from source to load through T1. For breaking the de circuit, auxiliary thyristor TA 


(a) (0) 
Fig. 11.17. Single-pole thyristor de switch. 
is turned on. Capacitor C at once applies a reverse voltage across Ti turning it off at once. 
After this, load current flows as shown in Fig. 11.17(6). Capacitor now gets charged from 
+V, to- V, and current through TA falls below its holding current to turn it off, Subsequently, 
freewheeling diode takes over and load current eventually decays to zero. For further details, 
refer:'to Figs. 7.21 to 7.23. 

Single-pole de switches using a transistor and a GTO are shown in Fig. 11.18(a) and (b) 
respectively. In Fig. 11.18(a), when forward base current is applied to transistor, TR gets 
turned on and dec voltage V, appears across load. When base current is removed, TR gets 
turned off and Joad current falls to zero. A freewheeling diode FD is necessary for the inductive 
load. * 


Base drive 
circuit 


(a) (6) 
Fig. 11.18. Single-pole (a) transistor de switch (6) GTO de switch. 

In Fig. 11.18 (0), gate turn-off thyristor is turned on by a short positive gate pulse as in 
ordinary thyristors. When required, GTO can be turned off by a short negative pulse applied 
to its gate terminals. Note that a GTO requires no forced-commutation circuitry. 

11.4.3. Design of Static Switches 

The design of static switches involves the determination of voltage and current ratings 
of power semiconductor devices employed. Their design is illustrated with an example. 
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Example 11.3. A single-phase ac switch of Fig. 11.16 (a) is used in between a 230-V, 50 
z source and a load of 2 kW at pf of 0.8 lagging. Determine the voltage and current ratings 
f (a} the thyristor and‘(b) diodes of the bridge. Take a factor of safety of two. 


Solution. (a) Peak value of load current, 


2000 V2_ 
Ia 230x086" 15.387A 
Rms value of thyristor current, from Eq. (11.13) is 


Im _ 15.37 
In = Fe= jg = 10.87 A 


Average value of thyristor current, from Eq. (11.14), is 


Maximum, value of rms current for SCR 
' =10.87x2=21.74A 
Maximum value of average current for SCR 
= 9,785 x2=19.57A 
For the configuration of Fig. 11.16(a), thyristor is always on, therefore it is subjected to 
almost zero inverse voltage. However, PIV for this SCR may be taken as V,, = V2 x 230 
= 325.22 V. 
So choose a thyristor with PIV = 325.22 V, maximum rms on-state current 21.74 A and 
maximum average on-state current = 19.57 A. 
(6) Each diode conducts for 180° for a periodicity of 360°. This gives maximum value of 


i I, 
diode current =2- a. 7.685 A and maximum value of average diode current = z 


2 
_ 15.37 
or: 


= 4,892 A. 


Diode also experiences zero inverse voltage under ideal conditions. So diode PIV may be 
selected as for the thyristor. So choose a diode with PIV = 325.22 V, maximum rms on-state 
current = 7.685 x 2 = 15.37A and maximum average on-state current = 4.892 x 2=9.784A. 


11.5. STATIC CIRCUIT BREAKERS 

Static circuit breakers are semiconductor-based circuits capable of providing a fast and 
reliable interruption to a continuous current. Static circuit breakers are of two types; static 
ac circuit breakers and static de circuit breakers. High-current circuit breakers employing 
thyristors are now discussed briefly. 

11.5.1. Static AC Circuit Breakers 

Static ac switch can be made to operate as a static ac circuit breaker. In Fig. 11.19 (a) is 
shown a simplified circuit configuration for static ac circuit breaker and Fig. 11.19 (6) gives 
relevant voltage and current waveforms. As in static switches, thyristors 1 and 2 in Fig. 
11.19(a) are turned on at the instant load current is passing through zero. For breaking the 
(revit. the triggering pulse is withdrawn. For example, at wt = 4x + 4, if triggering pulse i, Tg) 
‘is not applied to T1, it will not get turned on. T2 is already off just before we = 4n + 6. Therefore, 
the continuity of the circuit is broken. So when turn-off command is received by the control 
circuit due to some system fault, the gating pulse is withdrawn from T1 or T2 and eventually 
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(a) (6) 
Fig. 11.19. (a) Static ac circuit breaker and (0) its relevant voltage and current waveforms. 


the circuit is broken. In case turn-off command is received just after 3% + 0, load current will 
be broken only at 4n +, ie. a delay of x radians or half-cycle is a must. If turn-off command 
is received at the instant (8n+ >) < wt < (40+), even then the circuit is broken at the instant 
ot = 4n+6 only. This shows that maximum time delay for breaking the circuit is one half-cycle 


ie. 4 seconds after turn-off command is accepted by the control circuit due to some exigencies’ 


in the system. ' 
11.5.2. Static DC Circuit Breakers 


A simple arrangement of static de circuit breaker is shown in Fig. 11.20. This circuit is 
similar to that shown in Fig. 5.4(@), pertaining to class-C commutation. As stated before, 
when input voltage to a circuit consisting of thyristors is de, o 
forced commutation is essential for turning off a thyristor. Eor 
complete analysis, refer to section 5.3. Here only brief discussion 
is given. 


When main thyristor T1 is turned on, load voltage becomes 
equal to source voltage V, and capacitor C begins to charge 
through the circuit V,, R,, C and T1. Eventually capacitor C gets 
charged with right hand plate positive. For breaking the circuit, 
auxiliary thyristor T2 is turned on. Capacitor voltage ¥, at once 
applies a reverse voltage V, across SCR T1 and turns it off. After 
T1 is force commutated, capacitor will charge from + V, to- V, 
through the circuit V,, load, C and T2. When Cis fully charged to ~ V, (left hand plate positive), 
current through load will be zero and at the same time current through R, will be less than 
the holding current of SCR T2. As a result, T2 will get turned off naturally. From this, the 
value of R,. can be determined. 


Fig. 11.20. 
Static de circuit breaker. 
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« Example 11.4. For the static de circuit breaker shown in Fig. 11.20, the supply voltage is 
200'V de and load current required is 10A. SCR T1 has a turn-off time of 20 us and SCR T2 
has a holding current of 5mA. Find the values of parameters R,, C and load resistance, Take 


a factor of safety of 2. 


Solution. Load resistance, R, = =” =20Q 


Holding current determines the value of R,. Therefore, 
___ 200 
~§x108 

It is seen from Eq. (5.9) that voltage v7, across T1, after T2 is turned on, is given by 

vp, =—u, = V, {1 - 227 /FC] 11.15) 

The turn-off time ¢, for T1 can be obtained from Eq. (11.15) by calculating the period 

during which v7, falls from - V, to zero. Therefore, from Eq. (11.15), 
0=V, [1-2 exp (-t,/R, -C)] 
or t,.=R,Cln2 
tf _ 20x2x10°* 


R, =40kQ. 


11.6. SOLID STATE RELAYS 

AC and dc static switches can be used as solid state relays (SSRs) in ac and dc circuits 
respectively. In ac circuits, thyristors or triacs are used whereas in de circuits transistors are 
preferred. Solid state relays have no contacts or moving parts. These are now being used 
extensively and are replacing the conventional contact-type electromagnetic relays in 
applications like control of motor drives, resistance heating etc. SSRs need electrical isolation 
between control circuit and the load circuit by means of optocouplers or pulse transformers. 


Photo-diod 
oto-diode Photo-transistor 
4 


ase. Secae ES 
Optocoupler> 
(a) (6) 
Fig. 11.21. Optecouplers using (a) a photo-diode and (b) a photo-transister. 

An optocoupler consists of infra-red light emitting diode (ILED) and a photo-diode or a 
photo-transistor. An optocoupler having ILED and photo-diode is shown in Fig. 11.21 (a). A 
short pulse V, applied to ILED will cause it to emit light on to photo-diode which will then 
begin to conduct in the reverse direction as shown. An optocoupler using photo-transistor is 
shown in Fig. 11.21 (4). As before, a short pulse V, applied to ILED will throw light on the 
base of photo-transistor and turn it on. As photo-transistor is more sensitive than a 
photo-diode, optocouplers based on opto-transistors are more common. 


Optocoupier 
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11.6.1. DC Solid State Relays 

A dc solid state relay using opto-coupler for isolation purposes is shown in Fig. 11.22. 
when control pulse V¢ is applied to ILED, it emits light and turns on the photo-transistor. 
The current output from the photo-transistor acts as the base current for transistor TR. 
Consequently TR is turned on and source voltage V, is applied to load. 


When control pulse V¢ is absent, TR gets turned off and load voltage is zero. 


Solid state_Relay 
solid state Ney —.—-— 4 


T } 
| ‘ Photo transisto j 


 Raesenieeta ae 
ae Optocoupler 
Fig. 11.22, DC solid-state relay using an optocoupler. 

11.6.2. AC Solid Stave Relays 

Fig. 11.23 shows two basic circuits for ac solid-state relays. Fig. 11.23 (a) uses a pulse 
transformer for isolation purposes and in Fig. 11.23 (6), isolation is provided by an 
optocoupler. When control signal appears across the primary of pulse transformer, its 
secondary applies a triggering pulse to turn on the triac. As a result, circuit is completed 
through »,, load and triac and therefore, source voltage is applied to the load. 
Solid state Reloyy tae 
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Solid state Relay 
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AC voltage 
source 


Control 
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{a) (6) 
Fig. 11.23, AC solid-state relays using (a) @ pulse transformer and (6) an optocoupler. 

In Fig. 11.23 (0), control signal turns on the photo-transistor. If the ac supply has upper 
terminal positive as shown in Fig. 11.23(0), the current will flow through R, D1, 
. photo-transistor, D2, triac gate and source. This current will turn on the triac and joad gets 
energised by source voltage v,. The function of R is to limit the flow of gate current of triac. 
If lower terminal of ac supply is positive, the current will flow through triac gate, D3, photo- 

transistor, D4, R and source v,. Triac gets turned on and source voltage is applied to load. 


11.7. RESONANT CONVERTERS 
In SMPSs discussed in Art. 11.1 and in the PWM inverters described in Chapter 8, the 
switching devices are made to turn-on and turn-off the entire load current at high di/dt. The 
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devices handling high di/dt also experience high-voltage stresses across them; due to these 
twd effects, there are increased power losses in the switching devices. In case size and weight. 
of the converter components is to be reduced, switching frequencies are increased. At these 
high frequencies, switching losses and high-voltage stresses are further aggravated. Another 
major drawback of high di/dt and high du/dt caused by rapid on and off of the switching 
devices is the electromagnetic interference. | 


The shortcomings enunciated above can be minimised if each switch in a converter is 
turned on and off when the Voltage across it and/or current through it is zero at the instant 
of switching. The converter circuits which employ zero-voltage and/or zero-current switching 
are called resonant converters. In most of these converters, some form of L-C resonance is 
used, that is why these are known as resonant converters. 


In this section, resonant converters employing zero-current switching (ZCS) and 
zero-voltage switching (ZVS) are described. 

11.7.1. Zero-Current Switching Resonant Converters 

There are two types of ZCS resonant converters, L-type and M-type. Both of these circuit 
topologies use L and C as a ‘series resonant circuit; in addition L also limits di/dt of the 
switching current. Here first L-type and then M-type ZCS resonant converters are presented. 

11.7.1.1, L-type ZCS Resonant Converters. An L-type ZCS resonant converter is 
shown in Fig. 11.24. The switching device S in the figure can be a GTO, thyristor, BUT, power 
MOSFET or IGBT. At low kilohertz range; GTO, thyristor, transistor or IGBT is used whereas 
for megahertz range, power MOSFETs are preferred. Inductor L and capacitor C near the de 
source V, form a resonant circuit whereas L,,C, near the load constitute a filter circuit. 
Direction of currents and plarities of voltages as marked in Fig. 11.24 are treated as positive. 


Par Ve, 
Resonant circuit Filter circuit 


Fig. 11.24. L-type zero-current-switching resonant converter. 

The circuit of Fig. 11.24 is initially in the steady state with constant load current J). Filter 
indpctor L, is relatively large to assume that current ty in L, is almost constant at J). Initially, 
switch S is open; resonant circuit parameters have i, =O in L and v,=0 across C and the 
load current I, freewheels through the diode D. 

For the sake of convinience, working of this converter is divided into five modes as under. 
For'all these modes, time ¢ is taken as zero at the beginning of each mode. 

Mode I. (0<t<t,), At t=0, switch S is turned on. As I, is freewheeling through diode 
D, voltage across ideal diode Up = 0 and also ug = 0, Fig. 11.25(a). It implies that source voltage 
Vv, gets applied across L and the switch current i, begins to flow through V,, switch S, L and 


V, 
diode D, Fig. 11.25(a). Therefore, V, =L di/dt. It gives i; =r t. It shows that inductor or 


switch current i, rises linearly from its zero initial value. The diode current ip is given by 


fmm 
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y, 
ip=Ip-ip=In- Zt (11.15) 


Vv, 
Att=ty, ip =z t= Io, This gives 


Also, at t = t, ip = 1p — Ip = 0. Soon after 1, a8 ip tends to reverse, diode D gets turned off. 
As a result of this, short circuit across C is removed. 

Mode II (0 st $ t,). Switch S remains on. As D turns off at ¢ = 0, current J, flows through 
V,, L, L, and R. In Figs. 11.25(a) and (6), constant current through L, and R is represented 
by current source Jo. Also, a current ig begins to build up through resonant circuit consisting 
of V,, L and C in series. The inductor current i, is, therefore, given by 


ip = 1p tig 21g + Im 8in Oot .411.16) 
where I,, = V, ye = % and p= 1 . Here Zp = fe is the characteristic impedance of the 
™ NL ~Z 0 NLC’ 0 Cc iP 
resonant circuit. 
The capacitor current is i, =I, gin Wot and capacitor voltage U, is given by 
: v, (t)= V, (1 - 008 at) (11.17) 
The peak value of current i,, is I, = Ip + 3m and it occurs at t= on =5 NEC. At this instant, 
v, = V, {1-cos x =2V, andi, =f, 
When t=t)= x =nLC, capacitor voltage reaches peak value V,,) = V, [1 - cos n)=2V, 
and j, = 0. 
Alao, at t = te, iz =1p, i.e. switch current drops from peak value (Ip + Im) to Zo. 
Mode III (0st $ ts). Switch S remains on. At t= 0, capacitor voltage is 2V,. As i, tends 
to reverse at ¢=0, capacitor begins to discharge and force a current i,=V, ¢ Bin Wot 
opposite to i, Fig. 11.25(c), so that inductor or device current i, is given by 


i, =Ip—i, = 1g Tn sin Ot (11.18) 
and capacitor voltage v, = 2V, cos Wet. Current iz, falls to zero when ¢ = ts, 
ie. i, = 0 =1y—I,, 8in Opty 
or t,=VEC sin Uo/In) 
At t=ty, e920, con ayty=2¥,| Sit =Vi 


During this mode, i, = I, sin Gf and as i, falls to zero at ts, switching device S gets turned 
off, Note that current i, in this mode flows opposite to its positive direction, it is therefore 
shown negative in Fig. 11.25(c) and in Fig. 11.26. At t= ts, the value of i, = — Io. 
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I, tt, 


{b) Mode II, i, 


=1,-i, 


(a) Mode I, ip 


(€) Mode V, ip =I, 


(d) Mode IV, - i, =I, 
Fig. 11.25. Equivalent circuits for the operating modes of L-type ZCS resonant converter. 


-i, 


I, 
=1, 


{c) Mode III, iz 


Fig. 11.26. Waveforms for L-type ZCS resonant convertar. 
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Mode IV. (0 < t < t,). As switch S is turned off at t= 0, capacitor begins to supply the load 
jal I) as shown in Fig. 11.25 (d). Capacitor voltage at any time ¢ is given by 


v=Vag-* Jie-at 
As magnitude of capacitor current i, = J, is constant, 
I 


v.2Va-¢t (11.19) 


This mode comes to an end when », falls to zero at f= ty. 
or 0=Vo3- Fhe 


. (11.20) 


or ty = 


At t=0,vp=V,— Veg and at f= ty vp =V,-0= V, as shown in Fig. 11.25(d). As Ip is 
constant, capacitor discharges linearly from Vc3 to zero and vr varies linearly from 
(V, - Ves) to V, as shown in Fig. 11.26. 

Mode V (0 St $ ts). At the end of mode IV or in the beginning of mode V, capacitor voltage 
v, is zero as shown in Fig. 11.26. As v, tends to reverse at t= 0, diode D gets forward biased 
and starts conducting, Fig. 11.25(e). The load current Ip flows through the diode D so that 
ip = J, during this mode. 

This mode comes to an end when switch S is again turned on at ¢ = ts. The cycle is now 
repeated as before. Here t,= T- (t+ t2 + #3 + t,). 

The waveforms for switch or inductor current i,, capacitor voltage v,, diode current ip, 
capacitor current ic and voltage across switch S as vy are shown in Fig. 11.26. It is seen that 
at turn-on.att =0(0<¢S$ 4), switch current i, = 0, therefore switching loss vqiz = 0. Similarly, 
at turn-off at ty (0 StS tg), i, = 0 and therefore v7i, = 0. It shows that the switching loss during 


V, 
turn-on and turn-off processes is almost zero. The peak resonant current J, = Zz must be 
0 


more than the load current I otherwise switch current iz will not fall to zero and switch S 
will not get turned off. 

The load voltage v9 can be regulated by varying the period ts. It is obvious that longer 
the period ts, lower is the load voltage. 

11.7.1.2. M-type ZCS Resonant Converter. An M-type ZCS resonant converter is 
shown in Fig. 11.27. As before, L and C form the resonant circuit and L,, C, the filter circuit. 
Capacitor C is connected across the series combination of switch S and L, but in L-type 
converter, C is connected across diode D. Working of this converter can be divided into five 
modes as for the L-type resonant converter. The time origin ¢ = 0 is redefined at the beginning 
of each mode. : 

Mode 1 (0st $t))- Prior to mode J, i.e. before switch S is turned on at t= 0, load current 
I, freewheels through diode D. Also, voltage v, = V, before S is closed. At ¢=0, switch S is 
turned on. Now current i, begins to develop through V,, L and D as shown in the equivalent 

‘ 
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Filter circuit 
Fig. 11.27, M-type zero-current-awitching resonant converter. 


V, 
circuit of this mode, Fig. 11.28 (a). It is seen that i, = Lr t rises linearly as in L-type converter. 


Also, diode current ip = Iy - i; * 
‘ Vv, 
Att=ty, eh=yh 
Lh 
or ty a a . (11.21) 
a 


At t=, i, =Jp and ip=I,-Ij=0, diode D is therefore turned off. Voltage v, across 
capacitor stays at V, through D. 


(@) Mode IV, vu, = Veg at t= 0, i, = 0 (e) Mode V, iz = 0 
Fig. 11.28. Equivalent circuits for M-type ZCS resonant converter. 
Mode II (0 <t < t,). After D turns off, load current Jy flows through V, and L as shown 
in Fig. 11.28(b). Also, C and L form a resonant circuit where the current i, is given by 
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icv. VE gin wot =I_, sin Oot 


sakicasee voltage u, is given by v,= V,, COB Wot 
At t=0,u,=V,i,=0, ty =lo. When @f),=% or to= = =nVLC, capacitor voltage 
; 0 ; 
v,=— Vy, i, = 0 and i, = Ip. 


t. 
When t= gio Go ie = n= Fo +Im and ve= 0 


During this mode, iz =I + I, =Ig+ 1, 8in Wot and capacitor gets charged from V, to-V, 
as shown in Fig. 11.29. 


5 
g 
8 im 
Head 


ce] ty} ty ata ete ee ts 
Fig. 11.29. Waveforms for M-type ZCS resonant converter. 


Mode III (0 <t $ ta). Equivalent circuit for this mode is given in Fig. 11.28(c). Various 
waveforms for M-type ZCS resonant converter are shown in Fig. 11.29. It is seen that capacitor 
voltage at the end of second mode is negative, i.e. u.=— V,. During mode III, the capacitor 


\ aig is given by 
v, =— V, COB Wt, i, =1,, 8in Oot 
and ig, = Ig — ig = 1p — Lm SID Wot 
At t=t,,-switch current i, falls to zero as in L-type converter. 
Also at t=t v.=- Vs C08 Wp ty = — Veg and ig =I SiN ots = Io so that i, = 0. This gives 


I, 
ty= “a sin”? (iz) AEC sin” * |= (11.22) 


! Mode IV @ <tSt,). In the previous mode, as iz, falls to zero and tends to reverse, switch 
S is naturally turned off. In this mode, therefore, S remains off and the equivalent circuit of 
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Fig. 11.28(d) applies. Load current I, flows through V, and C. At t= 0, v, = ~ Vos. Current Jy 
charges C from — Vc; at t = 0 to V, at t=¢,, Fig. 11.29. Therefore, 


or t=C— (11.28) 


At ty, v, = V,. Actually, at t,, C is somewhat overcharged with left hand plate positive and 
consequently diode D gets forward biased. ‘ 

Mode V (0st < t,). At ¢=0, diode D starts conducting and J, freewheels through D as 
shown in Fig. 11.28 (e). Switch S is open:and voltage v, stays at V, through D. Switch current 
i, remains zero as S is open. At time t = T, switch S is again turned on and the cycle repeats. 

11.7.2. Zero-Voltage-Switching Resonant Converters 

A zero-voltage-switching (ZVS) resonant converter is shown in Fig. 11.30. It consists of 
diode D1 and capacitor C connected across the switch S. As in ZCS converter, ZVS resonant 
converter has L,C as the resonant circuit components and L,,C, as the filter circuit 


components. The function of resonant capacitor C is to produce zero voltage across the switch 
S. Diode D2 provides a free wheeling path to load current Jo. As the name suggests, the switch 
S in ZVS resonant converter. is turned on and off at zero-voltage across the switch. 


Resonant circuit Filter circuit 


Fig. 11.30. Zero-voltage-switching resonant converter. 


The working of this converter can be divided into five modes with equivalent circuits as 
shown in Fig. 11.31. As before, the time origin t= 0 is redefined at the beginning of each 
mode. Load current J, is assumed constant and filter inductor current iy is also taken to 


remain level at J, as filter inductor is relatively large. Initially, switch S is on and conducting 
Io. ‘therefore, inductor current i, = J and initial voltage across capacitor Voy = 0. 

Mode I (0<t<t,). At ¢=0, switch S is turned off. From the equivalent circuit of mode 
I, Fig. 11.31(a), it is seen that constant current J, flows through V,,C andZ. As a result, 
voltage across switch S or C builds up linearly from zero to V, at time t = ¢,. Diode D2 is off. 
As the capacitor is charged from zero to V,, capacitor voltage v, is given by 


du 
I=C a 
I, 
or [ v= a t 
' i cv, 
At time ¢=¢,, w= GhaV, or t= T; «11.24) 
0 


« 
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Note that voltage across diode D2 is up) = V, at ¢= 0 and up. = Oatt=t;. 
"Also, at ¢ = 0, v, = 0; therefore switch S is turned off at zero voltage as required. 

Mode Il (0st st,). At t=0, actually capacitor is somewhat overcharged, i.e. v,> Vs; 
therefore diode D2 becomes forward biased. Now a resonant current i, is set up in series 
circuit V,, C, L and D2, Fig. 11.31(b), where z, is given by 

iz, = Iq cos Wy t 
The capacitor voltage vu, is given by 
u, = V, + V,, Sin Wot .(11.25) 


where V,, =I, a =I, Z) andZ, = pa is the characteristic impedance of the circuit in 
m=40 VG =*40%0 0 Cc 


ohms. The peak switch or capacitor voltage V,, occurs when Wt ="/2 or t=5 ILC and its 
value is 
Vox = Vat Via = Vit IZo 
At t= ta, i, =—Iq where Mot = or t2=™ NLC and capacitor voltage is v, = V,. 
Diode D2 current is given by ing = Ip - 1p 608 Wot. 


At t=0, ipy = 0, at t= % WEG, ipa = Io and at t= tas ipa = 2 


It may be observed from the waveforms that a ZVS resonant converter is the dual of ZCS 
resonant converter. ‘ 
"Mode III (0 <t < ts). Initially, ie. at ¢= 0, v, = V, and iz = — Ip. With time ¢ reckoned zero 
from the beginning of this mode, capacitor voltage is given by 


(a) Mode 1, iz =I (6) Mode I, iz, = Jp 8in Wot (©) Mode II, v, = V, att = 0 


iq=lo lL Aelo 


Ss 
I, ‘Vs Yoo Io 
Ue=0 


V, 
(d) Mode IV, ip=-hat Zt (e) Mode V, ip=iz =o 
Fig. 11.31. Equivalent circuit for ZVS resonant converter. 
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vu, =V,-V,, Sin Wot 
and iz, =— Ig cos Wpt : 
so that ing =1q — 1p cos Wot 
At time t = t,, u, = 0, i, =J,3 and ip, =Iy - 1,3. This gives 
0=V, -V,, sin wo ty 


v, 
7 ty= VEC sin? tana (11.26) 


At the end of this mode, i.e. at ¢ = tj, v,=0; as a result reverse bias across D1 vanishes 
and i, begins to flow through D1. 


Mode IV (0 <t < t,). During this mode, capacitor voltage is clamped to zero by diode D1 
conducting negative current i,. As soon as antiparallel diode D1 begins to conduct at t = 0, 
gate drive’ is applied to switch S. The inductor current i, rises linearly from — J, to zero, At 
this instant, reverse bias of D1 vanishes and already gated switch S turns on. This shows 
that switch S turns on at zero voltage and zero current. After this, current rises linearly to 
I, in the circuit formed by V,, S, L and D2. The linear variation of current from J,, is given 


by 


Modes—O] 1 I -1—w zeoh ys 


Fig. 11.32. Waveforms for ZVS resonant converter. 


458 = [Prob. 11} Power Electronics 


, Vv. 
ip=—lrat zt 


V, 
k tet, ip=lo=-lhs ar t,, This gives 


* t.= (ot Ina) z 127) 


Diode current ip, =o + iz. At t= 0, ing =1p+Iis and time t = ty, ipp = 0. During modes Il, 
III and IV, diode D2 is in conduction, therefore up, = 9, as shown in the waveforms of Fig. 
11.82. . d 
Mode V (0<t<ts). At the end of mode IV, or in the beginning of mode V at t=0, iz 
reaches I, and therefore diede D2 turns off. Switch S continues conducting J) as shown in 
Fig. 11.31(e). Note that voltage Ups = V, during this mode. Mode V ends at t =f, when switch 
S is turned off again at zero voltage. The cycle now repeats as before. 
The various waveforms for these five modes are now sketched in Fig. 11.32. It is seen 
from these waveforms that for a ZVS resonant converter : 
(i) switch, or inductor, current is limited to Ip 
(ii) average value of output voltage Vy can be controlled by controlling the interval ts. 


This shows that average power delivered to load can be controlled by regulating the output 
voltage Vp for a given load current Ip. 


11.7.8. Comparison between ZCS and ZVS Converters 


V, 
In ZCS, the switch is required to handle a peak current of I) + Zz For natural turn-off, 
r) 


V. ’ 

z must be more than Io. There is, therefore, an upper limit to the value of load current in 
0 

ZCS converters. 

In ZVS, the switch is required to withstand a peak voltage of V, + IpZo. This shows that 
peak switch voltage is dependent on the load current I,. A wide variation of load current 
would need large voltage across the switch. As peak voltage across the switch is a dominating 
factor, ZVS converters are used only for constant load applications. 

In general, ZVS is preferred over ZCS at high switching frequencies, primarily due to 
internal capacitances associated with the switch. 


PROBLEMS 


11.1 (a) What is SMPS ? Give its operating principle and industrial applications. 

Y (8) List the various types of SMPSs. Describe SMPS with a pushpull configuration. 

11.2. Describe flyback SMPS with relevant equivalent circuits and waveforms. Derive the various 
expressions for voltages and currents involved. 

11.3. A flyback SMPS supplies a load of 40A at 5V. The source voltage is 240V de and the transformer 
initial magnetizing current is 0.4 A. The power MOSFET is operating at a frequency of 50 kHz with a 
ality cycle of 0.4. Determine the transformer turns ratio from primary to secondary and its inductance. 
Assume ideal components and no ripple in load voltage. 
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Find also the open-circuit voltage across the semiconductor device. 
| {Ans, 32, L = 0.5714 mH, 400 V) 
11.4, Describe SMPSs using half-bridge and full-bridge configurations. Enumerate the advantages 
and disadvantages possessed by SMPSs. 


11.5. What is an UPS ? Give its industrial applications. Describe rotating-type, short-break static 
and no-break static UPS configurations. 


Why are nickel-cadmium batteries preferred over lead-acid type batteries in UPSs ? 

11.6. (a) Give the merits and demerits of HVDC transmission system over ac transmission system, 
(b) Describe both types of HVDC links with relevant circuits. 

Derive the equivalent circuit of an HVDC system. 


11.7, (a) Two six-pulse converters are used in bipolar HVDC transmission system. The ac systems 
are.3 phase, 11 kV, 50°Hz. The input transformers have a leakage inductance of 8 mH per phase. 
Resistance of each transmission line is 0.8 Q. The inverter marginal angle is 18° and rectifier firing 
angle is 15°. Calculate current in dc line, rectifier output voltage and de link voltage. 


(b) An HVDC transmission system, using two six-pulse converters for bipolar transmission, is rated 
at 1000 MW, +250 kV. Determine the rms current and peak reverse voltage ratings for each of the 
thyristor valves. [Ans. (a) 276.07 A, 13684.3 V, 27.368 kV (b) 1633 A, 130.9 kV] 

11.8. (a) What is a static switch ? List the merits of static switches over mechanical switches. 


{b) The circuit of single-phase ac voltage controller is the same as that used for single-phase ac 
awitch. Discuss how these two differ from each other. 


(c) Describe single-phase ac switches using (i) one triac and (ii) bidirectional switches. Derive 
average and rms values of currents for the semiconductor devices used. 


11.9. (a) Describe single-pole de switches based on (i) a thyristor (ii) a transistor and (iii) a GTO. 


(8) A single-phase ac switch, using two thyristors in antiparallel, is inserted between 230 V, 50 Hz 
source and a load of 10 kW at a‘pf of 0.8 lagging. Determine (i) the voltage and current ratings of 
thyristors and (ii) the firing angles of thyristors. Take a factor of safety of 2. 


(Ams. (6) (i) 650.44 V, 76.85 A, 48,924 A (ii) 36.87° and 216.87°} 
11.10 (a) What is a static circuit breaker ? Describe statis ac as well as static de circuit breakers. 


(b) A static de circuit breaker of Fig. 11.20 has input voltage of 220 V de and load current of 5 A. 
Thyristor T1 has turn-off time of 15 us and thyristor 2 has holding current of 6 mA. Find the values of 
parameters Ro, C and load resistance. Take a factor of safety of 2.5. 


(Ans. (b) 36.67 k O, 1.23 pF, 44 Q] 
11.11 (a) What are solid state relays ? How is electrical isolation obtained in these relays ? 
(b) Describe de solid state and ac solid state relays with relevant circuit diagrams. 
11.12 (@) What are resonant converters ? Give their advantages over PWM controlled converters. 
(6) Describe M-type ZCS resonant converter with relevant circuits and waveforms. 
11.13, () Give the advantages and limitations of ZCS resonant converters. 
(6) Describe L-type ZCS resonant converter with relevant circuits and waveforms. 
’ 11.14. (a) Give the principle of ZVS resonant converter. 
(6) Describe a ZVS resonant converter with appropriate circuits and waveforms. 
11.15, (a) Give the advantages and limitations of ZVS resonant converters. 


(6) What is the difference between L-type and M-type ZCS converters ? 
' (ce) Compare ZCS and ZVS converters. 
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Electric Drives 


In this chapter, first the concept of electric drive is given and then dec and ac drives are 
described. The object of this chapter is not to discuss electric drives exhaustively but at an 
introductory level. 


12.1. CONCEPT OF ELECTRIC DRIVE 


In many of the industrial applications, an electric motor is the most important component. 
A complete production unit consists primarily of three basic components; an electric motor, 
an energy-transmitting device and the working (or driven) machine. 


. An electric motor is the source of motive power. An energy transmitting device delivers 
power from electric motor to the driven machine (or the load); it usually consists of shaft, 
belt, chain, rope etc. A working machine is the driven machine that performs the required 
production process. Examples of working machines are lathes, centrifugal pumps, drilling 
machines, lifts, conveyer belts, food-mixers etc, An electric motor together. with its control 
equipment and energy-transmitting device forms an electric drive (10). An electric drive 
together with its working machine constitutes an electric-drive system (10). A ceiling-fan 
motor ‘with its speed regulator but without blades is an example of electric drive. Other 
examples of electric drives are : a food-mixer without food to be processed, a motor and 
conveyer-belt without any material on its belt. Some examples of electric-drive systems are : 
a ceiling-fan motor with regulator and also with blades, a food-mixer with food to be processed, 
a motor and conveyer-belt with material on its belt and so on. 


Electric Drive 


a------- 4------ 2 ------5, 


Fig. 12.1. An electric-drive system. 


Fig. 12.1 shows an electric drive system. The electric drive, consisting of electric motor, 
its power controller and energy-transmitting shaft is also indicated in Fig. 12.1. A modern 
electric drive system using a feedback loop is illustrated in Fig. 12.2. In this chapter, electric 
drives controlled through power-electronic converters are only described. 

Electric drives are mainly of two types : de drives and ac drives. The two types differ from 
each other in that the motive power in de and ac drives is provided by de motors and ac 
motors respectively. 
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Main Power 
Source 
Power i Working 
Electronic Motor Machine 
Converter 


Rotor position or 
speed sensor 


Command 


Fig. 12.2. Block diagram for a modern electric drive system using power electronic converter. 


12.2. DC DRIVES . 

DC motors are used extensively in adjustable-speed drives and position contro} 
applications. Their speeds below base speed can be controlled by armaturé.voltage control. 
Speeds above base speed are obtained by field-flux control. As speed control methods for de 
motors are simpler and less expensive than those for ac motors, dc motors are preferred where 
wide- speed control range is required. ; 

Phase-controlled converters provide an adjustable de output voltage from a fixed ac input 
voltage. DC choppers also provide de output voltage from a fixed dc input voltage. The use 
of phase-controlled rectifiers and de choppers for the speed contro] of de motors have 
revolutionized the modern industrial controlled systems. 

The de motors used in conjunction with power-electronic converters are dc separately 
excited motors or de series motors. These motors will, therefore, be studied here. Depending 
upon the type of ac source or the method of voltage control, dc drives are classified as under: 

1. Single-phase de drives 

2. Three-phase de drives 

3. Chopper drives. 

First the basic operating characteristics of dc motors are presented and then three speed 
control strategies as mentioned above are described. 

12.2.1. Basic Performance Equations of DC Motors 

Equivalent circuit and basic performance equations for a separately-excited de motor and 
a de series motor are presented in what follows. 


(a) Separately-excited de motor. The equivalent circuit for a separately-excited de 
otor coupled with a load is shown in Fig. 12.3 (a) under steady-state conditions. The load 
torque T;, opposes the electromagnetic torque T,. For field circuit, Vp= I: ry 


For armature circuit, V,=1,+1, 70 A217) 
Motor back e.m.f. or moter armature e.m-f., 
E, = K, 9 Om =Km Om 
T,=K,01,= Kyla 
Also, T,=D On + Ty 
where V, = motor terminal voltage, V 
1, = armature current, A 
K,, = K, 9 = torque constant, Nm/A or, emf constant, V-sec/rad 


' 
Power Electronics 


! 


462 (Art. 12.2] 


r, = armature circuit resistance, 2 


ne 0), = angular speed of motor, rad/sec 
r= field circuit resistance, Q 
D = viscous friction constant, Nm-sec/rad. 


Electromagnetic power, P=0,, :T, watts 


_ From Eq. (12.1), Ey = Kym m= Vi- Taha 
Vi-lgte_Vi-leta 
oh by se = (12,2) 
mK Kio 
controlled by varying (i) armature terminal 
rol and (ii) the filed flux ¢, known as the 


It is seen from Eq. (12.2) that speed can be 
voltage V;,, known as the armature-voltage cont: 


field-flux control. 


(b) 
ircuit of a (a) separately-excited de motor and (6) de series motor. 
uns under rated armature voltage, 


below base speed are obtained by 
urrent and field flux (or field 


(a) 
Fig. 12.3, Equivalent ci 


Base speed is defined as the speed at which motor r' 
urrent. Speeds 


rated field current and rated armature c 
armature-voltage control. During this control, armature c 
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Fig. 12.4. Characteristics of a separately-excited de motor. 
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current) are kept constant so.as to meet thé torque demand. So the armature voltage control 
method is also termed as constant-torque drive method because motor torque T,=K, 61, 
remains almost constant. , 


Speeds above base speed are obtained by varying the field current or field flux and by 
keeping V, and J, constant at their rated values. As flux decreases, speed increases so that 


motor e.m.f. Z, remains almost constant. Consequently, field-flux control method is also called 
constant-power drive method as power P=E,I, remains substantially constant. The 
variations of Te, P, I,, J;, and V, against speed are shown in Fig. 12.4 for a separately-excited 
de motor. 


(b) DC series motor. For a series motor, field winding in series with the armature circuit 
is designed to carry the rated armature current. Fig. 12.3 (b) gives the equivalent circuit of 
a dc series motor driving a load torque T;,. 


For the armature circuit in Fig. 12.3 (6), 
V,=E, +1, (to+?,) 
T,=K, 1, 
For no saturation in the magnetic circuit, o = CI, 
. T,=K,CI,? =kI,° 
Also E,= Kyo Om =K, C1, Om =h 1, Om 
From Eq. (12.3), V,=RI, Wp, +1, (a +15) 
. V,=1, (RO, + (a+r) 
Vi- La at Fs) 
ca 7 ace 


(12.3) 


or speed, 


= ki, ok y ee(12.4) 
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Fig. 12.5, Characteristics of a de series motor. 
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wher, r= series-field resistance, Q 
i k =K,C =aconstant in Nm/A? or in V-s/A. rad. 


For speed control up to base speed, armature terminal voltage V; is varied with I, kept con- 
stant. Therefore, P (= V,1,) varies linearly and torque T, = kT? remains constant. For speeds 
above base speed, series field flux is decreased by the use of diverter or tapped-field control and 
T,iskept constant. Therefore, torque T,=K,%1q decreases but power P=E,1,remains substan- 
tially constant. : 


Speed control of de motors, when fed through single-phase or three-phase converters, is now 
studied in what follows. 


12.3. SINGLE-PHASE DC DRIVES 


Fig. 12.6 illustrates the general circuit arrangement for the speed control ofa separately-excited 
dc motor from a single- phase source. The firing angle : 

control of converter 1 regulates the armature voltage 
applied to de motor armature. Thus, the variation of 
delay angle 0, of converter'l gives speed control 
below base speed. The variation of the firing angle &2 of 
converter 2 installed in the field circuit gives speeds 
above base speed. At low values of 0 for converter 1, ¢ 
armature current may become discontinuous. The dis- 
continuous armature current causes (i) more losses in 
the armature and (ii) poor speed regulation. Itis usual 
to insert an inductor L in series with the armature cir- 
cuit to reduce the ripple in the armature current and to 
make the armature current continuous for Jow values 
of motor speeds. Depending upon the type of power- 


electronic converter used in the armature circuit, 1 phase source a2 
single-phase de drives may be subdivided as under: : 
1. Single-phase half-wave converter drives Fig. 12.6. General circuit arrangement 


2, Single-phase semiconverter drives for single-phase de drives. 


3. Single-phase full-converter drives 

4, Single-phase dual converter drives. 

The converter drives listed above are now briefly discussed. In all these types. it is 
assumed that armature current I, is constant. 


12.3.1. Single-phase Half-wave Converter Drives 


A separately-excited dc motor, fed through single-phase half-wave converter, is shown in 

Fig. 12.7 (a). Motor field circuit is fed through a single-phase semiconverter in order to reduce 

the ripple content in the field circuit. Single-phase half-wave converter feeding a dc motor 

‘ offers one-quadrant drive, Fig. 12.7 (b). The waveforms for source voltage U,, armature 
terminal voltage 4%, armature current i,, source current t, and freewheeling diode current 
ijg are sketched in Fig. 12.7 (c). Note that thirstor current ir =i,. The armature current is 
assumed ripple free. Such types of drives are used up to about 3kw de motors. 

' For single-phase half-wave converter, average output voltage of converter, Vo = armature 

terminal voltage, V, is given by Eq. (6.1) as 
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Us 
=Vm sin wt 


fe) tte | - - 
n an 3a 4n wt 


(6) (c) 
Fig. 12.7. Single-phase half-wave converter drive 
(a) circuit diagram (6) quadrant diagram and (c) waveforms. 


V, 
Vo= Vi = oF (1 + cos 04) forO<a,<n (12.5) 


where V,, = maximum value of source voltage. 
For single-phase semiconverter in the field circuit, the average output voltage is given 
by Eq. (6.29) as 
Vin : 
Vp=— (1 + cos O) for0 <0, <2 (12.6) 


‘It is seen from the waveforms of Fig. 12.7 (c) that 
rms value of armature current, J,,=1, 
rms value of source or thyristor current, 


' L=\r2 2% <1 12.7) 


rms value of freewheeling-didue current, 


uu ' 
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V2 


Rte +a 
ne Tyar= Ie “oq =e (Fs (12.8) 
Apparent input power = (rms source voltage) (rms source current) ‘ 
=V, Te 


Power delivered to motor = EJ, + I,’ -1,= (Ea +1, ra) 1,= Vila 


Edlatla ta _ Vita 


Input supply pf= Vi Te WoL, (12.9) 


Example 12.1.4 separately-excited de motor is supplied from 230 V, 50 Hz source through a 
single-phase half-wave controlled converter. Its field is fed through 1-phase semiconverter with 
zero degree firing-angle delay. Motor resistance Tr, = 0.7 Qand motor constant = 0.5 V-sec/rad. 


For rated load torque of 15 Nmat 1 000 rpm and for continuous ripple free currents, determine 
(a) firing-angle delay of the armature converter 
(b) rms value of thyristor and freewheeling diode currents 
(c) input power factor of the armature converter. 
Solution. (a) Motor constant = 0.5 Vesecirad = 0.5 Nm/A = K, 


But motor torque, T,=Km Jo 
«. Armature current = 36. 30A 


05 
Motor emf, E, =Kyy- Op = 0.5% 2nx.1000 = 52.36 V 


For 1-phase half-wave converter feeding a de motor, 
‘ V, 
Veo (1400s 0) =F, +1, 76 


or y,= 22 280 (1 + cos a3) = 52.96 + 90% 0.7 = 78.36 V ‘ 


o a, = cos"? [Aeciso “ i} = 65.336" 


Thus, firing-angle delay of converter 1 is 65.336° 
(b). Rms value of thyristor current, from Eq. (12.7), is 


1/2 V2 
es 180-— 66.886 =16.931A=I,, 


Ip =I, on =80 


Rms value of free wheeling-diode current, from Eq. (12.8), is 


1/2 1/2 
Ip.rtle (3) 90550 = 24,766 A 
(c) From Eq. (12.9), input power factor of armature converter 

V, d I, 


73.3630 _ 
V1," 230x 16.931 preci ine 
12.3.2. Single-phase Semiconverter Drives 
A separately-excited de motor, fed through two single-phase semiconverters, one for the 
armature circuit and the other for the field circuit, is shown in Fig. 12.8 (a). Both converters 
1 and 2 are connected to the same single-phase source. This converter also offers one-quadrant 
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drive and is used up to about 15 kW de drives. The waveforms for currents and voltages are 
sketched in Fig. 12.8 (6) on the assumption of ripple free armature current. Load voltage 
waveform for vg = u, is the same as shown in Fig. 6.11 (6). 


in 


j Hane) 


(b) 
Fig. 12.8, Single-phase semiconverter drive (a) circuit diagram and (6) waveforms. 


For a single-phase semiconverter, average output voltage, from Eq. (6.29), is given by 


Vin 
Yo=Viaz a + C08 0) (12.10 a) 


y, 
For field circuit, Vy= Te {1 + cos a) .{12.10 6) 
It is seen from the waveforms in Fig. 12.8 (6) that 


1/2 
al 


12,11) 


rms value of source current, J, -1,| = 


1/2 
rms value of freewheeling-diode current, Ij, =I, (F] «-AL2. 12) 
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V2 
rms value of thyristor current, Ip, =I, es . (12.13) 
V, +1, 
hon pf ’ = v - 7 


afer 
Asingle-phase semiconverter is also called single-phase half- controlled bridge converter. 
Example 12.2. A separately-excited de motor, operating from a single-phase 
half-controlled bridge at a speed of 1400 rpm, has an input voltage of 330 sin 314t and a back 
emf 80 V. The SCRs are fired symmetrically at a = 30° in every half cycle and the armature 
has a resistance of 4 Q. Calculate the average armature current and. the motor torque. 


Solution. For a single-phase semiconverter feeding a separately- excited motor, 
Vin 
Vo= Viz (1+ 008 0) = E, + Ia 


330 (4 4 cos 30°) =80+1,-4 
tT 
196,01=80+1,:4 


.. Average armature cutrent, 


1, = 126.01 = 89 ~ 29,008 A 
Motor emf, "By = Ky Op = Ky ee 
80x 60 : 
or Kn =n x 1400 ~ 0.546 V-s/rad or 0.546 Nm/A. 
.. Motor torque, T, = Ky Iq = 0.546 x 29.003 = 15.836 Nm. 


Example 12.3. The speed of a 15 hp, 220 V, 1000 rpm de series motor is controlled using 
a 1-phase half-controlled bridge converter. The combined armature and field resistance is 0.2 
Q. Assuming continuous and ripple free motor current and speed of 1000 rmp and k = 0.03 
Nm! amp’, determine (a) motor current (b) motor torque for a firing angle a = 30°. AC voltage 
is 250 V. Derive any formula used. ‘ (LA.S., 1991) 


Solution. 
Refer to Fig. 12.3 (6) for a dc series motor and Fig. 12.8 for a single-phase semiconverter. 
From Eq. (12.3) for a de series motor, 
V,=E,+1, Tatts) 
Motor torque, T, =K, $1,. For no saturation, $= CI, 
Ss T,=K,CI?=k1. 
nate 2 is a constant in Nm/amp’. 
Also Eg = Kg 9 Gm = Ka C 1g Om =F Lo Om 
Constant & in the expressions for T, and E, is the same. 
(a) From above, V, = Vo = Eg + 1a (Ta +s) 


V, 
or V,=Vo=— (1+ 008 0) = Ey +I (Fa + 19) = ble Om + To (Ta + Ts) 


boo ¥2 250 (1 5 cos 30°) = 0.031, x 
n 
209.97 = 3.34161, 
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209.97 
+ Motor armature current, J, = 3.3416 =62.84A : 


(b) Motor torque, T, =k I,” = 0.03 (62.84) = 118.466 Nm. 


12.3.3. Single-phase Full Converter Drives 


Two full converters, one feeding the armature circuit and other feeding the field circuit of a 
separately-excited de motor, are shown in Fig. 12.9 (a). This scheme offers two-quadrant drive, 
Fig, 12.9 (6) and its use is limited to about 15 kW. For regenerative braking of the motor, the 
power must flow from motor to the ac source and this is feasible only if motor counter emf is 
reversed because then e,i, would be negative. Note that direction of current cannot be reversed 
as SCRs are unidirectional devices. So, for regenerative breaking, the polarity of e, must be 
reversed which is possible by reversing the direction of motor field current by making delay angle 
of full converter 2 more than 90°. In order that current in field winding can be reversed, the field 
winding must be energised through single-phase full converter as in Fig. 12.9 (a). 


ity de 


A123 Z 123 


Mi 


Ly, 


(0) 
Fig. 12.9. Single-phase full converter drive 
(a) circuit diagram (6) two-quadrant diagram and (c) waveforms. 


ABRs 
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Vin 
‘or the armature converter 1, Vo=V,= ae cosa, for0<a,<% (2.14 a) 
, 4 2Vin oe 
For the field converter 2, ye cosa, for0<0,<7 . (12.14 63 
From the waveforms in Fig. 12.9 (c), it is seen that 
rms value of source current, 1, = 12- = =I, 
: a 
rms value of thyristor current, Tey [2 : #] = 5) (12.15) 
: V,:Iq 2Vn 1,-V2 
From Eq. (12.9), input supply pf= VT, = 008 Oy: Vat, 
Bs C08 0 (02.16) 


It is seen from Eq. (12.16) that input pf depends on the firing angle o, only under the 
assumptions of constant armature. current. 

Example 12.4. A separately-excited de motor drives a rated load torque of 85 Nm at 1200 
rpm. The field circuit resistance is 200 Q and armature circuit resistance is 0.2.9. The field 
winding, connected to 1-phase, 400 V source, is fed through I-phase full converter with zero 
degree firing angle. The afmature circuit is also fed through another full converter from the 
same 1-phase, 400 V source. With magnetic saturation neglected, the motor constant is 0.8 


V.sec!A-rad. For ripple free armature and field currents, determine 


(a) rated armature current 

(b) firing-angle delay of armature converter at rated load 

(c) speed regulation at full load 

(d) input pf of the armature converter and the drive at rated load. 
Solution. (a) For field converter, firing-angle delay = 0° 


V, 
2m _ 22 x 400 _ se0y 


«. Field voltage, Va = 
n Fd 
V;, _ 360 
i =tso= 
Field current, T= 7 200 18A 
With magnetic saturation neglected, 
o=Kil 


E, = Ky 4 Om = Ko Ki ly: Oy, = K Ip: Om» 
where K has the units of V-sec/A-rad. 


Similarly, Te=K, $1.2 K. Kil; la= KI,-I, 
‘. 85=08x181, 
85. 
Rated armature current, I,= Dexi8 59.03 A 
2V,, 
(b) Here V,=Vo= a 008 = By + lera= Ky: On + tere 


aN x 400 cos ty = 0.8 x 1.8 x 2A I2 + 59.08 0.2 


= 180.96 + 11.81 = 192.77 V 
or a, = 57.63° 


or 


Electric Drives [Art. 12.3] 


(c) At the same firing angle of 57.63°, motor emf at no load, 

E, = V, = Vo = 192.17 V=K I, Ono 

F | _ £&, _ 192.77 

«No load speed, On = Ki,~ 08x18 

or N = 1278.35 rmp 
Speed regulation at full load 


_ No load speed-full-load speed 
~ 1 full-load speed 


1278.35 — 1200 
= ( 1200 } 100 = 6.53%. 


(d) Input pf of the armature converter 
Vi-Iq _ 192.77x 59.03 


= 133.87 rad/sec 


= V, Ty =~400x 59.03 ~ 0.4819 lag. 
Also, from Eq. (12.16), input pf of the armature converter 


7 22 cos G, = a8 cos 57.63° = 0.4819 lag 


Rms value of current in armature converter, 
1,, =1, = 59.03 A 

Rms value of current in field circuit, 
Tata lB A 

Total rms current taken from the source, 


L,= aig + Tie = ¥59.037 + 1.87 = 59.06. A 


Input VA =V, - 1,, = 400 x 59.06 
With no loss in the converters, total power input to motor and field 
=V,-I,t+V,- Ty 


= 192.77 x 59.03 + 360 x 1.8 = 12027.2 watts 


‘ _ Power inputin W __12027.2 _ 
Input pf.of the drive ="“InputinVA _~ 400 x 59.06 ~ 0.5091 lag. 
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Example 12.5. In Example 12.4, the polarity of the counter emf is reversed by reversing 
the field excitation to its maximum value. Calculate (a) delay angle of the field converter (6) 
delny angle of the armature converter at 1200 rpm to maintain the armature current constant 
at 50 A and (c) the power fed back to the supply during regeneratiue braking of the motor. 


solution: (a) The field voltage is reversed to its maximum value of 360 V. 


av, 
Vp=—” €08 Gp =~ 360 V 


or Gy = 180° 
(b) With field current reversed, motor emf E, is also reversed. 
: Vo=V,=-E, +1, 


Vv, 
Vm cos 0, =— 180.96 + 50 x 0.1 =- 175.96 V 


t i 
or a,=cos! al =119.254° 


ERS 
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(c) Power fed back to the ac supply 
" =V,-I, 
‘ = 175,96 x 50 = 8798 watts : 
Example 12.6. A 220 V, 1500 rpm, 10 A separately-excited de motor has an armature 
resistance of 1 ohm. It is fed froma single-phase fully-controlled bridge rectifier with an ac 
source voltage of 230 V, 50 Hz. Assuming continuous load current, compute 
(a) motor speed at the firing angle of 30° and torque of 5 Nm 
(b) developed torque at the firing angle of 45° and speed of 1000 rpm. (GATE, 1996) 
Solution. Under rated operating conditions of the separately- excited de motor, 
V, = Eg + Iga = Km Om + 1a Ta 


or 220 = Ky, 2#%2800 5 19x 1= 50-4 Ky + 10 
~. Motor constant, K,, = 220 — 10 = 1.337 V-s/rad or 1.337 Nm/A. 
(a) For a torque of 5 Nm, motor armature current, 
5 
I,= 13377 3.74A 


The equation giving the operation of converter-motor is 
Vo=V,= Ea tlara 


av, 
; ‘ =a 008 1 = Ky» Wm +a To 


22 x 230 oo 30° = 1.337 @, + 3.74 x 1 


ro _ 179.3-3.74 
or ®,= 19377 131.31 rad/sec 
or nN 131.31 rad/sec ' 
Motor speed = 481.3160 = 1253.92 rpm 


(b) For a = 45°, 


2B £280 oog 45 = 1.987 x M7ETO + 4x1 


146.4= 140.01 +1, x1 


or 1,= 522-6394 


Motor developed torque, 7,=KnI.= 1,387 x 6.39 = 8.543 Nm 


Examole 12.7. A 220V, 1000 rpm, 60A separately-excited de motor has an armature 
resistance of 0.1 Q. It is fed froma single-phase full converter with an ac source voltage of 
230V, 50Hz. Assuming continuous conduction, compute 

(a) firing angle for rated motor torque at 600 rpm 

(b) firing angle for rated motor torque at (-500) rpm 5 

(c) motor speed for «= 150° and half rated-torque. : 

Solution. Under rated operating conditions of the motor, 

V, 2B gt Ia%a= Km Ont lela 
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or, 220 = Ky, 7 + 60x 0.1 
- =| Pe a00 60 = M42 V s/ead or 244 Nm A 


(a) For rated motor torque, armature curenis » G > 
: Vo=V,= Kn Om tly "0 


BiB x280 cos a= 2.044 2x60 60x 0.1134 43V 
_ | 184.48 xm] 
or = cos E 5 i |= 512" 


(b) At (-500) rpm, 
a2 280 cos o = 2.044 2a 500) +60x0.1 
=~ 107.024+ 6 =— 101.024 V 


_-1| ~ 101,024 x 2] _ 3. 
a =cos euere 230 - 119.274 


(c) At half-rated torque, motor armature current 
= } x rated current = 3 x 60= 30 A 


“ 22 x 280 cos (150°) = 2.044 x @,, +30 x 0.1 
~ 179.30 = 2.044 @,, +3 
_ On = es =— 89.188 rad/sec 
~. Speed, N=- 89.188 60 =— 851.683 rpm. : 


12,3.4, Single-phase Dual Converter Drives 

A single-phase dual converter. obtained by connecting two full-converters in anti-parallel, 
is shown feeding a separately- excited de motor in Fig. 12.10 (a). Its use is limited to about 
15 kW de drives. It offers four-quadrant operation, Fig. 12.10 (b). For working in first and 


Mt 
Reverse Forward 
Reg. braking] motoring 


Reverse Forward 
motoring | Reg. braking 


LV, 


(a) : (6) 
Fig. 12.10 (a) Single-phase dual converter feeding a separately-excited de motor 
(6) four-quadrant diagram. 
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fourth quadrants, converter 1 is in operation. For operation in second and third quadrants, 
converter 2 is energised. Four-quadrant operation demands that field winding of the motor 
is en¢pgised from a single-phase, or three-phase, full converter. 


' 2v, 
For converter 1 in operation, V,=——™ cos 0, for 0 <0 <n 
; t 


f 2Vin 
For converter 2 in operation, V; = = 008 o, for0<sa,<% 


where OQ + OQ =% 
f 


2V,n 
For field converter, Vez 008 Fa for 0 <a, <% 


Note that in Fig. 12.10, 
(i) Converter 1 with 0, < 90° operates the motor in forward motoring mode in quadrant 1. 
(ii) Converter 1 with a, > 90° and with field excitation reversed operates the motor in 
forward regenerative braking mode in quadrant 4. 
(iii) Converter 2 with a, < 90° operates the motor in reverse motoring mode in quadrant 3. 
(iv) Converter 2 with a2 > 90° and with field excitation reversed operates the motor in 
reverse regenerative braking mode in quadrant 2. 


12.4. THREE-PHASE DC DRIVES 

Large de motor drives are always fed through three-phase converters for their speed 
control. A three-phase controlled converter feeds power to the armature circuit for obtaining 
speeds below base speed. Another three-phase controlled converter is inserted in the field 
circuit for getting speeds above base speed. 

The output frequency of three-phase converters is higher than those of single-phase 
converters. Therefore, for reducing the armature current ripple, the inductance required in 
a three-phase de drive is of lower value than that in a single-phase de drive. As the armature 
current is mostly continuous, the motor performance in 3-phase de drives is superior to those 
in single-phase de drives. _ 

The three-phase de drives, as in single-phase dc drives, may be subdivided as under : 

1. Three-phase half-wave converter drives 

2. Three-phase semiconverter drives 

3. Three-phase full-converter drives 

4. Three-phase dual-converter drives 

These converter controlled de drives are now described one after the other. Armature 
current is assumed ripple free for convenience. : 


12.4.1. Thrfe-phase half-wave converter drives. 


a separately-excited de motor. The armature circuit of the motor is fed through a 3-phase half- 
wave converter whereas its field is energised through a 3-phase semiconverter. This converter 
offers one-quadrant operation Fig. 12.11 (6) and may be used up to about 40 kW motor ratings. 
‘Two-quadrant operation can also be obtained from three-phase half-wave converter drive in case 
motor field winding is energised from single-phase or three-phase full converter. 

For a 3-phase half-wave converter, average value of output voltage or armature terminal 
voltage, from Example 6.10, is 


{ Vv. : 
V,=V,= 2 00s , for OSac<n (12.17) 
i) t on s | 
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Fig. 12.11. Three-phase half-wave converter drive 
(a) circuit diagram (6) quadrant diagram (c) waveforms. 
where V,,; = maximum value of line voltage and 0, is the firing angle for converter 1. The 


voltage expression of Eq. (12.17) is valid only for continuous. armature current. For three- 
phase semiconverter, the average value of field voltage, from Eq. (6.39), is given by 


ay, 
Vp= 52" (1 + 008 04) for O<asn (12,18) 


A three-phase half-wave converter drive is not normally used in industrial applications 
as it introduces de component in the ac supply line. 

It is seen from the waveforms of Fig. 12.11 (c) that 
rms value of armature current, I, =I, 


rmb value of phase or line current, 


tea Vie 2b -1,\)3 (12.19) 

. an 1 it 
average thyristor current, Iz, =I, - 3 ht gia (12,20) 
rms thyristor current, Ip, = 1,, = : I, .(12,19) 


y12.4.2, Three-phase Semiconverter Drives 


The circuit diagram for a 3-phase semiconverter feeding a separately-excited de motor is 
shown in Fig. 12.12. The field winding of the motor is also connected to three-phase 


Bes 


476 {Art. 12.4} i Power Electronics 


un ic 


ane mae 


a Aw hr | 3 
tA : 
a 3 


Se cei D res tr 


Bo | 


a 


; mo 


* Fig. 12.12. Three-phase semiconverters feeding a separately-excited dc motor. 
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Fig. 12.18. Voltage and current waveforms for a 
three-phase semiconverter drive of Fig. 12.12. 
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semiconverter. This drive offers one quadrant operation and is used up to about 115 kW 
ings. 
On the assumption of continuous and ripple free armature current, waveforms for line 
current i, and thyristor current ip, are sketched in Fig. 12.13 for firing angle 0, = 30° and 


also for 0, = 90°. An examination of these waveforms would reveal that 


(i) for firing angle a, < 60°, each thyristor conducts for 120° and 
(ii) for 60° < a, < 180°, each thyristor conducts for (180° - 0). 


As armature current is ripple free, rms value of armature current, I,,=1,. It is also seen 
from Fig. 12.13 as under : 


For , < 60°, rms value of supply line current, i, is given by, 


4 {2 
1 ahNG 12.21) 
172 
2/7228, 2) _ i 
In+[h . | ~1,Vi (12.22) 


For 60° < a < 180°, rms value of supply line current i, is given by 


180-0, 180 — 0% 
1,= Pia I 1.5" (12,28) 


and rms value of thyristor current ip, is given by 


1/2 
180 - a, 
Ip, = 1, (“s"] ; (42.24) 


From above, it is obvious that average thyristor current is ile for a, < 60° and 


180 - a 3 o 
("scon} for 60° < a, < 180°. 
For converter 1, Vo= <1 © 4.,(12,25 a) 
8V 
| For converter 2, Vp=—gq CL + 008 04) for 0< on < «(12,25 b) 


Example 12.8. The speed of a separately-excited de motor is controlled by means of a 
3-phase semiconverter from a 3-phase, 415V, 50 Hz supply. The motor constants are : 
inductance 10 mH, resistance 0.9 ohm and armature constant 1.5 V/rad/s (Nm/A). Calculate 
the speed of this motor at a torque of 50 Nm when the converter is fired at 45°. Neglect losses 
in the converter. 


Solution. Armature constant, K,, = 1.5 V/rad/s or 1.5 Nm/A. 
; Motor torque, T,=K,, I, =50 Nm 


‘. Motor armature current, I, = 2 = 48 A. 


1 
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The equation for the converter-motor combination is 
ul 


3V int 
aii (1+ cos 0) =E, +l ra = Ky Om t+ 1a la 
3 V2 x 415 an 100 
er a (1 + cos 45°) = 1.50, +3 x09 | 
478.3 = 1.5 0, + 30 
or ; Om = 4783-30 = 298.867 rad/s 
or aa = @,, = 298.867 rad/s 
-. Motor speed, N= 298,867 x 60 = 2853.97 rpm 


Example 12.9. A 600V, 1500 rpm, 80A separately-excited de motor is fed through a 
three-phase semiconverter from 3-phase 400V supply. Motor armature resistance is 1Q. 
Armature current is assumed constant. 

(a) For a firing angle of 45° at 1200 rpm, compute the rms values of source and thyristor 
currents, average value of thyristor current and the input supply power factor. 

(b) Repeat part (a) for a firing angle of 90° at 700 rpm. 

Solution. Under rated operating conditions, 

‘ V,=By+1e%o=Km Om tla 


600 = K,, 22520 + 801 


Se 520 x 60 
or Motor constant Kn= nx 1500 = 3.31 V-s/rad (or Nm/A). 


(a) For the converter-motor combination, ’ 


3v, 
V,= Sat (1 + 608 05) = Ba +1 Ta= Kin Om * too 


3 V2 x 400 mae 2nx 
on (1+ cos 45' ) = 3.31 x 6 


461.01 = 415.95 + J, 
:. Armature current, 1, =45.06A 


From Eq. (12.21), rms value of source current, 


1,=Ig 1 2 = 45.06 2 236.7914 


From Eq. (12.22), rms value of thyristor current, 


=] += dae; 
= a Fp = 45:06 Gy = 26.015 A 


3200 +1,x1 


Average value of thyristor current 
= 1x 45.06 = 16.02 4 


Vil 461.01 x 45.06 
Input supply power factor = ro ee =a a Tobe 36.791" 0.815 lag 
3 
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_ 32 x 400 2n x 700 


On (1+ cos 90°) = 3.31 x +1,x1 


60 @ 
270.05 = 242.64 +1, 
.. Armature current, 1,=27.41A 


Rms value of source current, J, =27.41- V2 =22.38A 


") OV, 


Rms value of thyristor current, Ip, = 27.41 at =15.825A 
27.41 


Average value of thyristor current = 3 =9.1387A 
_ 270.05 x 27.41 _ 
Input supply power factor = Tx 400 x 22.38 ~ 0.4774 lag. 


12.4.3, Three-phase Full-converter Drives 

The circuit diagram, consisting of one three-phase full converter in thé armature circuit 
and another 3-phase (or 1-phase) full converter in the field circuit, is as shown in Fig. 12.14. 
It offers two-quadrant drive and is used up to about 1500 kW drives. For regenerative 
purposes, the polarity of counter emf is reversed by reversing the field excitation by making 


the firing-angle delay of converter 2 more than 90°. 
A 125 Z 123 ZA 121 
OA 
tee 
=" c 
A122 A126 A124 


——— eee 


ap Fig. 12.14. Three-phase full converters feeding a separately-excited de motor. 
For converter 1 in the armature circuit, the average output voltage, from Eq. (6.38), is 
given by 
3V iat 

Vo = V,=——™ cos a, for OS a,<a «(12.26 a) 

For converter 2 in the field circuit, 
3V, 
V,=—™ cos Oy for 0S aS" (12.26 b) 


where V,,; = maximum value of line voltage. 


Voltage and current waveforms for a = 30° and for constant armature current are sketched 
in Fig. 12.15. It is seen from this figure that each thyristor conducts for 120° for continuous 
armature current. This gives 
rms value of armature current, J,, =I, 


rms value of source current, I,,=\fJ,?- 2 xis Fe V2 - (12.27) 
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ist » 4 et i 
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Fig. 12.15. Voltage and current waveforms for firing angle of 30° 
for a three-phase full-converter drive of Fig. 12.14. 


rms value of thyristor current, Ip, = 12 BE =I, Vi (12.28) 
: ani 1_1 
average value of thyristor current, I74=1,- 3% an 3 I, (12.29) 


{t may be observed in Fig. 12.15 that source current i, is positive when first subscript 
with voltage is a, a8 iN Vaby Vac: Similarly, source current i, is negative when second subscript 
is a, just as it is in Vyas Vea On this basis, source current waveforms for phases B and C can 
also be sketched. : 

Example 12.10. A 100 RW, 500 V, 2000 rpm separately-excited de motor is energised from 
400 V, 50 Hz, 3-phase source through a 3- phase full converter. The voltage drop in conducting 
thyristors is 2V. The dc motor parameters are as under : 

r,=0.1Q, K,=1.6 V-s/rad, L,=8mH. 

Rated armature current = 210 A. No-load armature current = 10% of rated current. 
Armature current is continuous and ripple free. 

(a) Find the no-load speed at firing angle of 30°. 

(b) Find the firing angle for a speed of 2000 rpm at rated armature current. Determine 


also the supply power factor. 
(c) Find the speed regulation for the firing angle obtained in part (b). 
Solution. (a) The motor terminal voltage, 


Vp 2 V,= 22 £40 cos 30° = 467.75 V 
Also V,=E,+ [rat 2 
a 467.15 =Ky, Op + 210.142 


:. No-load motor speed = S67.78— 43 rad/sec or 2767.2 rpm. 
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(b) At rated armature current and at 2000 rpm, 
Vo =V,= Ky Oy tl, rg +2 


or i BB x 400 65 9 = 1.6 x 2E% 2000 5 9100.14 2= 358.1 
or a = cos” 1 [3 oe} 4847 


Rms value of source current, from Eq. (12.27) is 


1, =I, “2 =210 2 =17146A 
Vel 


358.10 x 210 


. = tee = 
. Supply pf WV, -1, * x 400x 171.46 ~ 9933 lee 


(c) At rated load, speed is 2000 rpm, armature terminal voltage V, = 358.1 V and firing 
angle is 48.47°. At this firing angle, if rated load is reduced to zero, then - 
Vo= V, = 358.1=K,, +, + 21x0.1+2 
or On = sa rad/se¢‘or 2112.8 rpm 
-. Speed regulation = 2112.8 — 2000 , 199 - 5. 64% 
2000 
Example 12.11. A 230V, 1500 rpm, 20 A separately-excited de motor is fed from 3-phase 
full converter. Motor armature resistance is 0.6 Q. Full converter is connected to 400 V, 50 Hz 
source through a delta-star transformer. Motor terminal voltage is rated when converter firing 
angle is zero. 
(a) Calculate the transformer phase turns-ratio from primary to secondary. 
(b) Calculate the firing angle delay of the converter when (i) the motor is running at 1000 
rpm at rated torque and (ti) the motor is running at (- 900) rpm and at half the rated torque. 
Solution. (a) For zero degree firing angle, motor terminal voltage is rated i.e. 230 V. 
Therefore, , 
8V2 V; 
=-—— cos 0° = V, = 230 V 


or V, = FgX* = 17034 
Here V, is the line voltage. Per-phase voltage on transformer star side is 
170.34 
Vpn =p = 98.35 V 
pbr-phase voltage input to transformer delta = 400 V 
.. Transformer phase turns ratio from primary to secondary 
400 


* 98.95 ~ #087. 


(b) @) At 1500 rpm, E, = V,- J, 7, = 230 - 20x 0.6 = 218 V 


At 1000 rpm, motor emf = a6 x 1000 = 145.33 V 


For this motor emf, armature terminal voltage at rated torque is 
V, = E, +1, rg = 145.33 + 20 x 0.6 = 157.33 V 
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BV int ; 
o But Ean Oe Vy= V, = 157.33 v 
af 187.93x-_|_ 7 . 
or a = cos E Fx xe |- 46.84 


(ii) At half the rated torque, armature current 1-5 x rated current 


=1x20210A 
2 
3VZx 170.34 945 gy = - 200 x 218 + 10x 0.6 =- 124.8V 
rt 1500 
afanted —124.8xn |_ S 
or a= cos ls mses |. 122.861 


Example 12.12. A 230 V, 10 kW, 1000 rpm separately-excited dc motor has its armature 
resistance of 0.3 Qand field resistance of 300 Q. The speed of this motor is controlled by two 
3-phase full converters, one in the armature circuit and the other in the field circuit and both 
are fed from 400 V, 500 Hz source. The motor constant is 1.1 V.s/A.rad. Armature and field 
currents are ripple free. : 


(a) With field converter setting to maximum field current, calculate firing angle for the 
armature converter for loatl torque of 60 Nm at rated speed. 

(b) With the load torque as in part (a) and zero degree firing angle for armature converter, 
speed is to be raised to 3000 rpm. Determine the firing angle of the field converter. 

Solution. (a) For maximum field current, firing angle of field converter qs zero. Therefore, 
field voltage, 


3v, 
Vj=—— a 3Y2 x 400 _ 549.1 V. 
® n ; 
i 540.1 _ 
nee current, T= 300 ~ 18A 
Motor emf, E,=K, 9m 
With no saturation, o=KIp « Ey=K, KI; Oy = RT Om 
where is a constant in V-s/A.rad 
Motor torque, T,=K,o1,=KaK ly L=kYy la 
or 60=1.1x18x1, 
60 
:. Motor current, = Tixis 30.30 A 
For the motor converter, 
BV it 


Vj2Vo= at c08 0 = Ey lara = bly: Om * Tae 


+ 30.30 x 0.3 = 216.435 v 


BND x 400 og g, = 11x 18x 
t 60 


.. Firing angle of armature converter, 
“1 (Bae xt 


a, =c0s 13 Ja 25352 -esa76 


1 
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(6) With zero degree firing angle of the armature converter, 


me 3v2 x 400 cos 0° = 11x I, 2n x 3000 +30.30x03 é 
nt 60 
= 340.1- 9.09 _ 
or ae 


. Field voltage, Vy=J,-r,= 1.5866 x 300 = Ed C08 Oy 

ne Firing angle of field converter, 
0, = cos"? eexec cael = 31.406" 

Example 12.13. In a speed controlled de drive, the load torque is 40 Nm. At time t = 0, the 
operation is under steady state and the speed is 500 rpm. Under this condition at t = 0+, the generated 
torque is instantly increased to 100 Nm. The inertia of the drive is 0.01 Nm - sec”/rad. The friction 
ts neglible. 

(a) Write down the differential equation governing the speed of the drive for t > 0. 

(6) Evaluate the time taken for the speed to reach 1000 rpm. (GATE, 1998] 

Solution. (a) At t = 0, steady state exists and therefore, generated torque, T, = 7, load 
torque 

In general, the dynamic equation for the motor-load combination is generated (or motor) 
torque = inertia torque + friction torque + load torque 

dO, 
or T,=d at + Do,, +T), 

As friction werque is zero, Dw,, = 0. This gives the differential equation, governing the 

speed of the drive at ¢ > 0, as i 


Onn 
T, =I tT 
100 = 0.01 440 (2) 
oe dt + welll 
di 
(6) From Eq. (@), pate -—— = 6000 


or dt=—* 


Its integration gives, t= go00 +A RRtia) 


Initial speed at ¢ = 0+ remains 500 rpm. Therefore 
2nx 500 _ 100% 


On9* BQ Fe rad/sec 
From Ey (2), 
Oe bis 
~ 6000 360 
2rx 100 
Final speed gia _ 200% rad/sec 


gaa 
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200 x Wu. 

fs t= 5000x6360 360 sec = 0.0873 sec 

| -. Time taken for the speed to reach 1000 rpm = 0.0873 sec. 
Example 12.14. A.de motor driven from a 
fully-controlled 3-phase converter shown in Fig. 
12.16 draws a de current of 100 A with negligible 

ripple. 

(a) Sketch the ac line current i, for one cycle. 

(b) Determine the 3rd and 5th harmonic 

components of the line current as a percentage of 
the fundamental current. GATE, 1998} 
Solution. (a) The ac line current i, for one 


cycle is sketched in Fig. 12.15 for a firing angle Fig, 12.16. Pertaining to Example 12.14. 
a under the assumption of negligible ripple in the 
armature current J, = 100 A. 


(b)' The line current i, shown ‘in Fig. 12.15 can be expressed in Fourier series a5 
ar : 
inn = tan = De = 008 Ge sin (nt -na) 
™ 6 
» nF 1,3,5,- 
Rms value of the nth harmonic line current is given by 
4I, nn 2 V2 «I, nt 
oe 8 | ogg —— 


Ten = Sonne 6 nt 6 
Rms value of fundamental current, 
221 
eet £ cos 30° = 8 1, 


Rms value of third-harmonic current, 


2N2 I, 
T3 = on cos 90° = 0 
Rms value of fifth-harmonic current, 
22 I, Ve 
Ig = Ba cos 150°=- Fo a 


From above, third harmonic current as a percentage of fundamental current = 0% and 
fifth harmonic current as a percentage of fundamental current 
Ts I, on 
ae Ba V6- I, 
: Example 12.15. A de motor driven from a 3-phase full converter shown in Fig. 12.17 
draws a de line current of 60 A with negligible ripple. 


x 100 = — 20%. 


(a) Sketch the line voltage U4, taking it zero-crossing and becoming positive at wt = 0. Also, 
sketch the line current i, for one cycle for &= 150°. Indicate also the conduction of devices. 
, Thyristor current ip should also be sketched. . 
(b) Calculate average and rms values of thyristor current. 
(c) Compute power factor at the at source. 
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(d) If motor constant is 2.4 V-sec/rad and armature circuit resistance is 0.5 Q, calculate 


the niotor speed. 

Solution. (a) Note that for line. 
voltages 045, Vacs Uger Upq ete. and with v,, 
as shown in Fig. 12.18, firing angle a for 
thyristor Tl must be measured from 


= es Accordingly, = 150° is measured 


from the instant wf = 1/3 in Fig. 12.18. 


Motor current J,=60 A is shown 
constant in Fig. 12.18. At a = 150°, T1 is 
turned on. So voltage u,, will send 
constant current J, through T1, T6. 
Thyristor T1 will conduct for 120°; for the 
first 60°, T1, T6 conduct together. For the 
next 60°; T1, T2 conduct together as 


19260 A 


Fig. 12.17. Three-phase full converter feeding a 
de motor, Example 12.15, 


shown in Fig. 12.18. Voltage v,, will cause T3, T4 to conduct for 60° and v,, will force T5, T4 
to conduct for the next 60° as shown. Note that voltages u,,, U,, Will cause line current i, to 
be negative whereas for v,,, v,,, line current i, is positive. Thyristor current ip through T1 


will flow only when i, is positive. 


nop a------- A 


120° 


Fig. 12.18. Waveforms for Example 12.15. 


I, 
(6) Average thyristor current, I7, == = > 


3 


eee we T415 ote E ie Tit6 whe T172 
4 
ty 


wt 
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ae thyristor current, Ip, = 3g =" 


ie) Rms value of source current, 


2 NE 
1=1, 2 =60 34 


Power delivered to motor = V,-J, 


, ‘ Vito 
Power factor at ac source = 7a7Wy_y_ 
han a’ ‘sr > 
3V2 V, | a 
-| 7 O08 150°\x le EV, 7, 2 


=3 cos 150 = -- 0.827. 
Minus sign for the power factor merely indicates the system to be in the inversion mode. 


(d) Vy=W, = 22408 cos 150° = Ky, ®, + 60x 0.5 


On = = 467-73-30 = — 207.39 rad/sec or - 1980.43 rpm. 


The motor is in the regenerative braking mod. with emf E, reversed from its motoring 
mode polarity. 

12.4.4, Three-phase Dual Converter Drives 

The schematic diagram for a 3-phase dual converter de drive is shown in Fig. 12.19. 
Converter 1 allows motor control in I and IV quadrants whereas with converter 2, the 
operation in II and III quadrants is obtained. The applications of dual converter are limited 
to about 2 MW-drives. For reversing the polarity of motor generated emf for regeneration 
purposes, field circuit must be energised from single-phase or three-phase full converter. 


When converter 1, or 2, is in operation, average output voltage is 


3V, 
Vo=Vp=— 7 008 O for 0S 0, S% -(12.30) 


1 phase or 
3 phase f.c 


Fig. 12.19. Three-phase dual converter controlled separately-excited dc motor. 
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With a 3-phase full converter in the field circuit, 


fi 


av, 
i V=—Meosa, for Osan (12.31) 


In case circulating current-type dual converter of Fig. 6.39 is used, then as per Eq. (6.53), 
@ + O + 180° a 
12.5. CHOPPER DRIVES 

When variable de voltage is to be obtained from fixed dc voltage, de chopper is the ideal 
choice. Use of chopper in traction systems is now accepted all over the world. A chopper is 
inserted in between a fixed voltage dc source and the dc motor armature for its speed control 
below base speed. In addition, chopper is easily adaptable for regenerative braking of dc 
motors and thus kinetic energy of the drive can be returned to the de source. This results in 
overall energy saving which is the most welcome feature in transportation systems requiring 
frequent stops, as for example in rapid transit systems. Chopper drives are also used in 
battery-operated vehicles where energy saving is of prime importance. 

Though choppers can be used for.dynamic braking and for combined regenerative and 
dynamic control of de drives, only the following two control modes are described in what 
follows. 

1. Power control or motoring control. 

2: Regenerative-braking control. 

Both the chopper control methods are now described. In addition, two-quadrant and 
four-quadrant chopper drives are also described. 

12.5.1. Power Control or Motoring Control 

Fig. 12.20 (a) shows the basic arrangement of a dc chopper feeding power to a dc series 
motor. The chopper is shown to consist of a force-commutated thyristor, it could equally well 
be a transistor switch. It offers one-quadrant drive, Fig. 12.20 (6), Armature current is 
assumed continuous and ripple free. The waveforms for the source voltage V,, armature 
terminal voltage v,= vp, armature current i,, de source current i, and freewheeling-diode 

" current ig are sketched in Fig. 12.20 (c). From these waveforms, the following relations can 
be obtained : 


T. 
Average motor voltage, Vg = V, = a -V,=aV,=fT.,° V, (12.32) 
Ton 
where a = duty cycle = T 
and {= chopping frequency = 4 
Power delivered to motor = (Average motor voltage) (average motor current) 
=V,-I,=a-V,-I, 
T, 
Average source current = - -I,=a-1, 


(average input voltage) (average source current) 
F V,- of, 
For the motor armature circuit, 

V,= OV, =E, +1, (at0s) = Kn: Om + Le a + Ms) 


Input power to chopper 
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(b) 


Fig. 12.20 D.C. Chopper for series motor drive (a) circuit diagram 
(b) quadrant diagram and (c) waveforms. 


a oV,-1, (rat 1d) 


or. , Op «.(12.33) 


m 


It is seen from Eq. (12.33) that by varying the 
duty cycle o of the chopper, armature terminal 
voltage can be controlled and thus speed of the de 
motor can be regulated. “ 


So far, armature current i, has been assumed 
ripple free and accordingly, waveforms in Fig. 
12.20 are sketched. Actually, the motor armature 
current will rise during chopper on period and fall 
during off period as shown in Fig. 12.21. The 
current expressions during on and off periods are 
obtained in Chapter 7 on choppers. By referring 
to this chopper, armature current i,(t) during on 
period, from Eq. (7.10), is given by 


R 
The armature current during the off-period, 
from Eq. (7.11), is given by 


- R 
i, O= yee (a =e ‘\s Inn @ b' ---(12.34) 


Fig. 12.21: Waveforms for 
de chopper drive of Fig. 12.20 (a). 


Electric Drives [Art. 12.5] 489 


7 E, 8, Rf, 
hn O=- pe Ll-eL' |+i,,°e £5 .(12,35) 


Here R =r, (armature resistance) + r, (series-field resistance) 
L=L, (armature inductance) + L, (series-field inductance) 


Under steady-state operating conditions, 
V,=a0V,=E,+1R. 
Example 12.16. A de series motor is fed from 600 V de source through a chopper. The de 
motor has the following parameters : 
1, =0.049, 1,=0.0692, k=4x 10° Nm/amp* 
The average armature current of 300 A is ripple free. For a chopper duty cycle of 60%, 
determine : 
(a) input power from the source 
(b) motor speed and (c) mator torque. 
Solution. (a) Power input to motor 
=V,-I,=aV,-I, 
= 0.6 x 600 x 300 = 108 kW. 
(b) For a dc series motor, 
oV,=E£,+1,R=kI,%,+1,R 
0.6 x 600 = 4 x 10° > x 300 x w,, + 300 (0.04 + 0.06) 


, Om = 360-30 = 275 rad/sec or 2626.1 rpm 
(c) Motor torque, T, =k 1,2 =4 x 10°? x 300° = 360 Nm. ' 
Example 12.17. The chopper used for on-off control of a de separately-excited motor has 
supply voltage of 230V de, an on- time of 10 m sec and off-time of 15 m sec. Neglecting armature 
inductance and assuming continuous conduction of motor current, calculate the average load 
current when the motor speed is 1500 rpm and has a voltage constant of K, = 0.5 V/rad per 
sec. The armature resistance is 3 Q. ‘[LA.S., 1985} 


Solution. Chopper duty cycle 
OT Ty 10+16 4 
For the motor armature circuit, 
V,s0V,=E, +1, 17g=Ky- Om t]era 


04x 230 = 0.5 x 2E% 1800 


. Motor load current, 7, = 22-2x8 = 4.487 A 


+1,x3 


Example 12.18. A de chopper is used to control the speed of a separately-excited dc motor. 
The dc supply voltage is 220 V, armature resistance r, = 0.2 Q and motor constant K, $ = 0.08 
Vi rpm. 

This motor drives a constant torque load requiring an average armature current of 25 A. 
Determine (a) the range of speed control (b) the range of duty cycle a. Assumed the motor 
current to be continuous. [LA.S., 1990} 
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Solution. For the motor armature circuit, 
V,=aV,=E, +1 0a 
r| motor drives a constant torque load, motor torque T, is constant and therefore 
armature current remains'constant at 25 A. 
Minimum possible motor speed is N = 0. Therefore, 
aX 220 = 0.08 x 0+ 25x2.0=5 


a= 2> 


Maximum possible motor speed corresponds toa=1, ie. when 220 V dcis directly applied 
and no chopping is done. 


1x 220 = 0.08 x N+ 25x 0.2 
220-5 


or N= 008" 2687.5 rpm 
:. Range of speed control : 0 < N < 2687.5 rpm and corresponding range of duty cycle : 
of 7 
. 44 <ac<l. 


Example 12.19. A separately-excited de motor is fed from 220 V dc source through a 
chopper operating at 400 Hz. The load torque is 30 Nm at a speed of 1000 rpm. The motor 
has r, = 0, L, = 2 mH and K,, = 1.5 V-sec/rad. Neglecting all motor and chopper losses, 
calculate : 

(a) the minimum and maximum values of armature current and the armature current 
excursion, ; 

(b) the armature current expressions during on and off periods. 

Solution. As the armature resistance is neglected, armature current varies linearly 
between its minimum and maximum values. 


T. _ 30 
(a) Average armature current, I,= K.715 =20A 
co 
Motor emf, | By = Ky Oy = 1.8% Bmx one = 157.08 V 
Motor input voltage, av, = V,=E, +17, = 157.08 +0 
157.08 
a="590 7 0.714 
Periodic time -to so5ms 
. f 400 
On-period, ° To, = 0 T= 0.714 x 2.5 = 1.785 ms 
Off-period, Top = (1- &) T=0.715 ms 
_ During on-period T,,, armature current will rise which is governed by the equation, 
di 
O+L = +E,=V, 


di, V,—E, 220-157.08 
ns a = 3146 A/s 


di E, - 
During off period, Ge 50 =- 7854 A/s 


or 
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With current rising linearly, it is seen from Fig. 12.21 that 
di, 
\ ‘ Ine lan* (GP during T,,, xT, 


= Inn + 8146 x 1.785 x 107° 
or Tnx = Inn, + 5.616 ° : A) 
For linear variation between J,,,, and I,,,, average value of armature current 
", tT 


Th a EQOA 


or Tnx = 40 -LInn -(ii) 
Solving Eqs. (2) and (ii), we get I, = 22.808 A 

and Tian = 17.912 A. 
«. Armature current excursion = Tnx — Inn = 22.808 - 17.912 = 5.616A 


(6) Armature current expression during turn-on, 
\ 


‘ tay 
1,0) =Inn + (@ during Ton) t 
=17.192+3146¢ forO<t<T,, 
Armature current expression during turn-off, 


i,(é) =a during Tq)! 
= 22.808- 7854¢ for 0<t< Tyg 
Example 12.20. Repeat Example 12.19, in case motor has a resistance of 0.2 Q for its 
armature circuit. 
Solution. (a) From Example 12.19, armature current, J,=20A and motor, emf, 
E, = 157.08 V; source voltage, V, = 220 V. 
For armature circuit, oV,=V)=V,=E, +I, r, = 157.08 + 20 x 0.2 = 161.08 V 


_ 161.08 _ 
=~ 599 = 0.7822 
T, 


‘Wn = OT = 0.7322 x 2.5 = 1.831 ms 
R_ 02 
Tog = T ~ Toy = 0.669 ms, 7 = 555 = 10 
During T,,, from Eq. (12.34), armature current is 
ig () = OTIS 08 er a1, 
At £=T,,, = 1.831 ms, current become /,,,. This gives 
: i, © =I qx = 5.7079 + 0.98187 I, wi) 
During 7,,, from Eq. (12.35), armature current is 


i, @= ie a e Mar. en le 


' 
At t= 0.669 ms, i,(t)=J,,,, This gives 


uo = In = — 5.237 + 0.9933 Ip, Ai) 
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Solving Eqs. (i) and (ii), we get 
‘i In, = 5-7079 + 0.98187 (— 5.237 + 0.9933 I.) ; 
= 0.5658 + 0.9753 Ins 
0.5658 _ 
or mx = 9.0247 = 22.907 A 
Inn =~ 5.237 + 0.9938 x 22.907 = 17.516 A 


’ », Armature current excursion 
= Ty ~ In = 22.907 — 17.516 = 5.39 A 


(b) Armature current expression during turn-on period is 
i,(t) = 314.6 (1 - 7%) +.17.516 e 1 
Armature current expression during turn-off period is 
‘ i,(t) = — 785.4 (1 - e” 1) + 22.907 e" * 
12.5.2. Regenerative-Braking Control 
In regenerative-braking control, the motor acts as a generator and the kinetic energy of 


the motor and connected load is returned to the supply. 
; ie 


E, 


During motoring mode, armature current I, = ,i.e. armature current is positive 


a 
and the motor consumes power. In case load drives the motor at a speed such that average 
value of motor counter emf E, (= K,, - @,) exceeds V,, I, is reversed and power is delivered to 


the de bus. The motor is then working as a generator in the regenerative braking mode. 


The principle of regenerative braking mode is explained with the help of Fig. 12.22 (a), 
where a separately-excited de motor and a chopper are shown. For active loads, such as a 


ict 
To 
ie} zoe 
vd 
Tort 
eas A : ig 
fe) 
eo i-a)T 
icf 
Sila 
I, 
Tete east 1 
hy 
Ty Te] | | | * Tg 
v ¢ = 
+ Me = hat ‘ 


a) 2) () 
Fig. 12.22. Regenerative braking of a separately-excited dc motor 
(a) circuit diagram (b) waveforms (c) quadrant diagram. 


al 
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train going down the hill or a descending hoist, let it be assumed that motor counter emf 
£,,is more than the source voltage V,. When chopper CH is on, current through armature 
inguctance L, rises as the armature terminals get short circuited through CH. Also, v,=0 
during T,,,. When chopper is turned off, E, being more than source voltage V,, diode D conducts 


and the energy stored in armature inductance is transferred to the source. During 
Tgp ¥, = V,. On the assumption of continuous and ripple free armature current, the relevant 
voltage and current waveforms are shown in Fig. 12.22 (0). 


With respect to first quadrant operation as offered by motoring control of Fig. 12.20 (a), 
regenerative braking control offers second quadrant operation as armature terminal voltage 
has the same polarity but the direction of armature current is reversed, Figs. 12.22 (a) and 
(c). From the waveforms of Fig. 12.22 (6), the following relations can be derived : 


The average voltage across chopper (or armature terminals) is 
7 Top 
Via V,=(1- a) V, .(12,36) 
Power generated by the motor 
=V,-I,=(1-a)V,-1, 
Motor emf generated, E, = Kp Om, = V, +I, 1, 
=(1~o) V,+I,r, .(12.37) 
Motor speed during regenerative braking, 
2-9 V.+1 re 


Q, 
m K,, 
, di 
When chopper is on, E, -I,r, -L, ae te) 
di 
or (E,-1,7,) =L,- aE 
; : wn i> ta re 
With chopper on, L, must store energy and current must rise, i.e. ve must be positive or 
(E, - Erg) 20 (12.38) 
di 
When chopper is off, E, - Ir, -L, - ad =V, 
di, 
or V,~ Eq Iyr_) =~ Ly Fe 


With chopper off, (E, - I,r,) must be more than V, for regeneration purposes and therefore 
(V, - (E, — I, r,)] must be negative. This is possible only if current decreases during off period, 


di, 
Leu az in the above expression must be negative. 


(V, -(E,~-Z,7,)] $0 
- By - Tr) S(-V,) 


or (,-1,7,) <V, + (12.39) 
Eqs. (12.38) and (12.39) can be combined to give 
0<(E,-I,7,) <V, (12.40) 


ey 


- i 
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Eq, (12.40) gives the conditions for the two voltages and their polarity for the regenerative 
braking control of de separately-excited motor. 
Minimum braking speed is obtained when E, -1,7,=9 y 


or Kp ma =4a le 
a Se . I, ur 
-, Minimum braking speed = Onn =~ (12.41) 
Maximum possible braking speed is obtained when 
: E,~1ra= Vs 
Vit hte 
412.42) 


+. Maximum braking speed, mx = 3g 
m 


Thus regenerative braking control is effective only when motor speed is less than o,,, and 
more than ©,,,. This can be expressed as 


Onn < Om < Omx 


Vi +1, I 
Therefore, the speed range for regenerative braking is “K fe are or 
m m 


(VW, + Iq Pa) Fala 


Regenerative braking of chopper-fed separately-excited dc motor is stable, it is therefore 
discussed here. DC series motors, however, offer unstable operating characteristics during 
regenerative braking. ‘As such, regenerative braking of chopper-controlled series motors is 


difficult. ; 

Example 12.21. A de chopper is used for regenerative braking ofa separately-excited de 
motor. The de supply voltage is 400V. The motor has r, = 0.2 Q, K,, = 1.2 V-s/rad. The average 
armature current during regenerative braking is kept constant at 300A with negligible ripple. 

For a duty cycle of 60% for a chopper, determine 

(a) power returned to the dc supply 

(b) minimum and maximum permissible braking speeds and 

(c) speed during regenerative braking. 

Solution. (a) Average armature terminal voltage, 

V, = (1-0) V, = (1 - 0.6) x 400 = 160 V. 
Power returned to the de supply 
=VJ,= 160 x 300 W = 48 kW 


(b) From Eq. (12.41), minimum braking speed is 


T,-7a 3000.2 
Om = "KR = 12 = 50 rad/s or 477.46 rpm 
From Eq. (12.42), maximum braking speed is 
_ Vite Ta _ 400+ 300 x 0.2 
On. = K = 12 


m 


= 383.33 rad/s or 3660.6 rpm 


Electric Drives {Art. 12.5] 495 


(c) When working as a generator during regenerative braking, the generated emf is 
Ei'=K,, ®, = V, + 1,7, = 160 + 300 x 0.2 = 220V 


.. Motor speed, ,, = 2 rad/s or 1750.7 rpm 


12.5.3, Two-quadrant Chopper Drives 

Motoring control circuit for chopper drives offer only first-quadrant drive, because 
armature voltage and armature current remain positive over the entire range of speed control. 
In regenerative braking, second-quadrant drive is obtained as armature terminal voltage 
remains positive but direction of armature current is reversed. 

In two-quadrant de motor drive, both motoring mode as well as regenerative braking mode 
are carried out by one chopper configuration. One such circuit is shown in Fig. 12.23 (a) which 
consists of two choppers CH1, CH2 and two diodes D1, D2 and a separately-excited de motor. 


{a) (b) 
Fig. 12.23 Two-quadrant de chopper drive (a) circuit diagram and (6) two-quadrant diagram. 


Motoring mode. When chopper CH1 is on, the supply voltage V, gets connected to 
armature terminals and therefore armature current i, rises. When CH1 is turned off, i, free 
wheels through D1 and therefore i, decays. This shows that with CH1 and D1, motor control 
in first, quadrant is obtained. . 

Regenerative mode. When CH2 is turned on, the motor acts as a generator and the 
armature current i,, rises and therefore energy is stored in armature inductance L,. When 
CH2 is turned off, D2 gets turned on and therefore direction of i, is reversed. Now the energy 
stored in L, is returned to de source and second quadrant operation is obtained, Fig. 12.23 
(6). In this figure, first-quadrant operation of de motor is sometimes called forward-motoring 
mode and second-quadrant operation as forward regenerative-braking mode. 

12.5.4. Four-quadrant Chopper Drives 

In four-quadrant de chopper drives, a motor can be made to work in forward-motoring 
mode (first quadrant), forward regenerative braking mode (second quadrant), reverse 
motoring mode (third quadrant) and reverse regenerative-braking mode (fourth quadrant). 
The circuit shown in Fig, 12.24 (a) offers four-quadrant operation of a separately-excited de 
motor. This circuit consists of four choppers, four diodes and a separately-excited de motor. 
Its operation in the four quadrants can be explained as under : 

Forward motoring mode. During this mode or first-quadrant operation, choppers CH2, 
CHS are kept off, CH4 i's kept on whereas CH1 is operated. When CH1, CH4 are on, motor 
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voltage is positive and positive armature current rises. When CH1 is turned off, positive 
armature current free-wheels and decreases as it flows through CH4, D2. In this manner, 
confrolied motor operation in first quadrant is obtained. 


Forward regenerative-braking mode.. A dc motor can work in the 
regenerative-braking mode only if motor generated emf is made vo exceed the de source 
voltage. For obtaining this mode, CH1, CH3 and CH4 are kept off whereas CH2 is operated. 
When CH2 is turned on, negative armature current rises through CH2, D4, E,, La Pa When 
CH2 is turned off, diodes D1, D2 are turned on and the motor. acting as a generator returns 
energy to the de sou-.ce. This results in forward regenerative-braking mode in the 
second-quadrant. i 

Reverse motoring mode. This operating mode is opposite to forward motoring mode. 
Choppers CH1, CH4 are kept off, CH2 is kept on whereas CH3 is operated. When CH3 and 
CH2 are on, armature gets connected to source voltage V, so that both armature voltage V, 
and armature current i, are negative. As armature current is reversed, motor torque is 
reversed and consequently motoring mode in third quadrant is obtained. When CH3 is turned 
off, negative armature current freewheels through CH2, D4, Eg, Las Ta armature current 
decreases and thus speed control is obtained in third quadrant. Note that during this mode, 
polarity of Z, is opposite to that shown in Fig. 12.24 (a). 


V7 Vo 
CH2 operated| CHI operated 
CH1,CH3,CH4ct] CH2,CH3 off 
Forwarded Forwarded 
Reg. Motoring 
Braking 


CH3 operated | CH4 operated 


(CHI,CH4 off | CH1,CH2,CH3 off 
Reverse Reverse Reg 
Motoring Vt Braking 


(a) (b) 
Fig. 12.24, Four-quadrant de chopper drive (a) circuit diagram and (b) four-quadrant diagram. 


Reverse Regenerative-braking mode. As in forward braking mode, reverse 
regenerative-braking mode is feasible only if motor generated emf is made to exceed the de 
source voltage. For this operating mode, CH1, CH2 and CH are kept off whereas CH4 is 
operated. When CH4 is turned on, positive armature current i, rises through CH4, D2, 
Ty Ly E,. When CH4 is turned off, diodes D2, D3 begin to conduct and motor acting as a 
generator returns energy to the de source. This leads to reverse regenerative-braking 
operation of the de separately-excited motor in fourth quadrant. 

Note that in Fig. 12.24 (a), the numbering of choppers is done to agree with the quadrants 
in which these are operated. For example, CH1 is operated for first quadrant, ...., CH¢4 for 
fourth quadrant etc. 


42.6, A.C. DRIVES 


Primarily, electric drives can be divided into two groups, de drives and ac drives, DC 
drives have already been discussed in this chapter. Now ac drives are described at their 
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introductory. level only. Advantages and disadvantages of ac drives with respect to de drives 
are ps under : 
dvantages of ac drives 
@) For the same rating, ac motors are lighter in weight as compared to de motors. 
(ii) AC motors require low maintenance as compared to de motors. 
(iii) AC motors are less expensive as compared to equivalent de motors. 
(iv) AC motors can work in hazardous areas like chemical, petrochemical etc. whereas 
de motors are unsuitable for such environments because of commutator sparking. 
Disadvantages of ac drives 
(i) Power converters for the control of ac motors are more complex, 
(ii) Power converters for ac drives are more expensive. 
(iii) Power converters for ac drives generate harmonics in the supply system and load 
circuit. As a result, ac motors get derated, 
The advantages of ac drives outweigh their disadvantages. As such, ac drives are used 
for several industrial applications. In general, there are two types of ac drives : 
1. Induction motor drives 
2. Synchronous motor drives. 


These are now described in what follows. 


12.7. INDUCTION-MOTOR DRIVES 

Three-phase induction motors are more commonly employed in adjustable-speed drives 
than three-phase synchronous motors. Three-phase induction motors are of two types, 
squirrel-cage induction’ motors (SCIMs) and slip-ring (or wound-rotor) induction motors 


When 3-phase supply is connected to three-phase stator winding, rotating magnetic field 
is produced, The speed of this rotating field, called synchronous speed, is given by 


120 
= me rpm or n=" Tps +.(12,48) 
4nf, 20 
Also, == “pr tad/sec (12.44) 
where f= supply frequency in Hz, 


©, = supply frequency in rad/s 
P= number of stator poles, 
a cannot attain synchronous speed. It must run at a speed N, less than N,, where 

N,=N, (1-38) . 
@,, = @, (1 — s) 

where -- N,= rotor speed in rpm 
@,, = rotor speed in rad/s 

N,-N, =~ On 


a, 


s=slip= 

f 8 
Analysis and performance. Per-phase equivalent circuit of a three-phase induction 
motor is shown in Fig. 12.25. In this circuit, r, = rotor resistance referred to stator, x) = rotor 
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a) (b) 
Fig. 12.25. Per-phase equivalent circuit of a three-phase induction motor referred to stator. 


leakage reactance referred to stator. 7+ jx, is the stator leakage impedance and X,, = 
magnetizing reactance. In this figure, eore-loss resistance R, is not shown. But, for 
determining the shaft power or shaft torque, the core loss must be taken into consideration. 
In case stator impedance drop is assumed negligible as compared to terminal voltage 
V,,X,, can be moved to stator terminals to get the simplified equivalent circuit of Fig. 12.25 (6). 
From this per-phase circuit model, stator current J, and rotor current J, can be calculated. 
Once I, 12 are known, the performance parameters of a 3- phase induction motor can be 
determined as follows : 

From Fig. 12.25 (6), L= 7 M1 (12.45) 

nt+e +j (1 +%2) 


‘ Air-gap power (power transferred from stator to rotor through the air gap), 


ota 
P,=3h 5 (12.46) 
Rotor ohmic loss = 8lyer2 
Developed power in rotor, P,, =P, — rotor ohmic loss 
= 312 r2 (? =s A12AD) 
Developed rotor torque: T= Pm = 81,” r: 1-8). — 
P ba Cir eee ied Ui Be (l-s) 
-3.722 
“als (12.48) 
Al T.= Pe 12.49) 
so, e= a (12. 
Substituting the value of I, from Eq. (12.45), we get 
3 vy Ts 
Te" tS (12.50) 


re 
r+] + +x)" 


Motor power input, P=P,+ stator core loss + stator copper loss 


Output, or shaft, power, P,, = P,,— fixed joss (friction and windage loss) 


Electric Drives 


eee Pp 
Motor efficiency, np 
‘Output, or shaft, torque, ‘ 
Par Pah 
= (12.51 
Tas O, (1-8) (02.51) 
Slip at which maximum torque occurs is given by 
2 
= ; .(12,52) 
: Sm Wr + +x) : 
Substituting the value of s,, in Eq. (12.50), we get an expression for maximum torque as 
vi 
Tm == a (12.53) 
20, | ry + Wry" + (ey + Xo) 
The maximum torque, also called pull-out or 
breakdown. torque, is independent of rotor 
resistance. However, s,, is directly proportional to Speed} slip 
rotor resistance. 
Gi oo ssh 3 oe eet 


It is seen from Eq. (12.50) that if three-phase 
induction motor is energised from fixed voltage at 
a constant frequency, motor torque is a function of 
the slip. For different values of slip, the 
speed-torque characteristic of a three-phase 
induction motor is plotted in Fig. 12.26. In motoring 
mode under normal running (s<s,,), as stator 
current is not high, the air-gap flux remains 
substantially constant and torque increases with 
increase in slip from zero to s,,. After maximum 
torque T,,, at slip s,,, as the slip increases, stator 
current rises much more than the rated current, 
air-gap flux decreases and therefore torque 
decreases with an increase in slip. 

In case rotor resistance r, is neglected, which 
is usually true in large induction motors, the 
expressions for slip and torque are as under : 


ape (12.54) 
i” nay (12. 
gp aca = 

emg 2 s 

ry ; 
2) + (x) + X2) 
V. 2 
T 3 1 


eee eT 


Forward 
motoring 


\e-Stator 


\ current 
. 
‘ 


Torque 


' 
Reverse 


plugging 


~ugf 2 
Fig. 12.26. Speed-torque characteristics of 


a three-phase induction motor. 


(12.55) 


..(12.56) 


From Eqs. (12.55) and (12.56), it can be obtained that 


T 2 
pos 


em s 


. (12.57) 
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T, - 2 - 

Ifs <s,, then e282 On) (12.58) 
Tem. Sm 
@,° 8m Te | 
: Or, 7 Om) 

: Sn T, 

or Motor speed, On =O, 1- oT, ..(12.59) 
em x 


It is seen from Eqs. (12.58) and (12.59) that for small values of slips, motor torque is 
proportional to slip Eq. (13.58), and motor speed decreases as torque T, increases, Eq. (12.59). 


From Eqs. (12.54) and (12.59), 


Sees ae (12.60) 
n=O) 1- Ty, BT,, 2, 


This expression shows that drop in speed from no load to full load depends on rotor 
resistance. 
12.8. SPEED CONTROL OF THREE-PHASE INDUCTION MOTORS 
Three-phase induction motors are admirably suited to fulfil the demand of loads requiring 
substantially a constant speed. Several industrial applications, however, need adjustable 
speeds for their efficient operation. The object of the present section is to describe the basic 
principles of speed control’techniques employed to three-phase induction motors through the 
use of power-electronics converters. The various methods of speed control through 
semiconductor devices are as under : 
(i) Stator voltage control 
(i) Stator frequency control 
(iii) Stator voltage and frequency control 
(iv) Stator current control 
(v) Static rotor-resistance control 
(vi) Slip-energy recovery control. 
Methods (i) to (iv) are applicable to both SCIMs and WRIMs whereas methods (v) and 
(vi) can be used for WRIMs only. These methods are now described in what follows. 
12.8.1. Stator Voltage Control 
It is seen from Eq. (12.50) that motor torque 7, is proportional to the square of the stator 
supply voltage. A reduction in the supply voltage will reduce the motor torque and therefore 
the speed of the drive. If the motor terminal voltage is reduced to KV, where K < 1, then the 
motor torque is given by : 
3 (KV,)? rp 
T,=—: 
©, s 


(12.61) 
rr 
[: + + (x +)" 


For the purpose of varying the voltage applied to a 3-phase induction motor so as to 
achieve a speed control, a 3-phase ac voltage controller is usually employed. Fig. 12.27 (a) 
shows a three-phase ac voltage controller feeding a three-phase induction motor. By 
controlling the firing angle of the thyristors connected in antiparallel in each phase, the rms 
value of the stator voltage can be regulated. As a consequence, motor torque and thus speed 


F 
of the drive is controlled. In Fig. 12.27 (6), for load torque T;, a is the operating point at rated 
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Kz] 


Rated voltage 


“2 Torque 
(a) (6) 
Fig. 12.27. (a) Three-phase ac voltage controller feeding a 3-phase induction motor 
(6) Speed-torque characteristics as effected by stator voltage control. 


voltage and OA is the motor speed. For reduced stator voltage (K= 0.5), 6 is the operating 
point and OB is the reduced motor speed for load torque T,. This method is suitable for motors 


havjng large value of 5m: For low-slip motors, the range of speed control is very narrow. 


of loads, the load torque is Proportional to speed squared and input current is maximum when 
slip s = 1/3, this is proved in Example 12.22. 


Example 12.22. (a) A three-phase SCIM drives a blower-type load. No-load rotational 
losses are negligible. Show that rotor current is maximum when motor runs at a slip s = 1/3. 
Find also an expression for maximum rotor current. 


(b) If three-phase SCIM runs at speed of (t) 1455 rpm and (ii) 1350 rpm, determine the 
maximum current in terms of rated current at these speeds. The IM drives a fan and no-load 
rotational losses are ignored. 


Solution. (a) The torque required by a blower-type load is proportional to speed squared. 
Ty = hoy, 
Mechanical power developed in motor, P,,= (1-8) P, 


As no-load rotational losses are negligible, P,, = power required by load. 


or (1-s) P,=T,-o, 
3h? 2 (1-5) =, -0, 
172 
@,°Tr-s 4 
or to=| pee] wi) 


But @,, = w, (1-s) and TL =k One. Substituting these in (i), we get, 
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| [eae T,-s 0, B- Om? 
2 3r, (1-5) 3ry 
: Po) re sho)” 
= Om 3ry =(1-8) 8ry 
k o3 1/2 
or L=a-a| sa Mii) 
2 


dl. 
The slip at which rotor current I, becomes maximum can be found by obtaining ar and 


equating it to zero. 


or . (tit) 


This shows that J, is maximum at a slip of :. The maximum value of I, is obtained by 


putting s =} in Eq. (ii). 


1/2 1/2 
lm 2[BOe 2, [kay tiv) 
am“ N3°3)8r,| 9 | Te * 


F an? 
(b) From Eq. (ii), I2= Vs (1- ofte"| 
2 
(i) For 1455, full-load slip 


¢, = 15001458 _ 9,93 


1500 
afi.2- -f2 2 
Tyme 3°3 _ 3.3 
From above, hak “Ts, 0 =a) = 003 (1 = 0:08) * 2.291 


Here I, is the rated, or full-load, rotor current. 


(ii) For 1350 rpm, full-load slip 


1500 - 1350 
8, = 1500 =0.1 


12.8.2. Stator Frequency Control 

By changing the supply frequency, motor synchronous speed can be altered and thus 
torque and speed of a 3-phase induction motor can be controlled. For a three-phase induction 
motor, per-phase supply voltage is V,=12 f,N, ok, This expression shows that under 


J 
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rated foltage and frequency operation, flux will be rated. In case supply frequency is reduced 
with fonstant Vj, the air-gap flux increases and the induction motor magnetic circuit gets 
saturated. The motor parameters will change leading to inaccurate speed-torque 
characteristics. Further, at low frequencies, reactances will be low leading to high motor 
currents, more losses and reduced efficiency. In view of this, induction motor (1.M.) speed 
control with constant supply voltage and reduced supply frequency is rarely used in practice. 


With constant supply voltage, if the supply frequency is increased, the synchronous speed 
and therefore motor speed rises. But, with increase in frequency, flux and torque also get 
reduced. IM performance at constant voltage and increased frequency can be obtained by 
neglecting X,, and r, from the equivalent circuit of Fig. 12.25 (a). This assumption is not going 
to introduce any noticeable error as magnetizing current at high frequency is quite small. 
Thus, rotor current under this assumption is given by 


vy, 
h=——3 _ (12.62) 
{ 2 “+e vai 
4 2 
Synchronous speed, @, = = = = rad/s 
3 r 
Motor torque, T.= Py : 1? m 
v2 
=3? .__ 4 7 (12.63) 
1 fr, 8 
; 2] + (ay +x)" 
r fp _%& 
Slip, ak arn or @)=S0) 


Here f, and @. are the rotor frequencies in Hz and rad/s respectively. Substituting the 


value of slip s = 2 in Eq. (12.63), we get 
1 


wi ee VP. re 
a a 
1 ry OF 2 ®y 
x toy (ly +ly 
vy: 
a eee Sie, (12.64) 
Qo? rp + mg (dy + bo) 
Slip at which maximum torque occurs is obtained from Fig. 12.25 (a) as 
", 
Smt = =e, ra «12.65) 
1 


Rotor frequency in rad/s at which maximum torque occurs is given by 
t @1 ‘Te T2 
Note that @,, does not depend on the supply frequency 4). Substituting 
1p = Wom * (ly + lg) in Eq. (12.64) gives maximum torque T,,, a8 
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38P Vi Wan” Ly + Ly 
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Tem = 20,2 


ap. Vi? 


207 h+h 


, Wom” Ly + be)? + am” (Ey + ba)? 


.(12.66) 


Eq, (12.66) indicates that T,,, is inversely proportional to supply-frequency squared. Also, 


2 
2_8P_ Vy 
Lem Oy “2 heh 


sp OV 


ia 
2 hth 
therefore, T,,,,°;° is also constant. As the operating 


At given source voltage V;, is constant, 


frequency «, is increased, Ty ° 0,” remains constant but 
maximum torque at increased frequency @, gets reduced 


as shown in Fig. 12.28. Supposing rated frequency for a 
motor is 50 Hz and T, ,, = 100 Nm. If the motor is now 


operated at 100 Hz, then 100(2%x50)* = (new 
maximum torque) (2x x 100)? or the maximum torque at 
increased frequency of 100 Hz is 25 Nm. Such type of 
IM behaviour is similar to the working of de series 
motors. With constant voltage and increased- frequency 
operation, air-gap flux gets reduced; therefore, during 
this control, IM is said to be working in field-weakening 
mode. Constant voltage and variable frequency control 
of Fig. 12.28 can be obtained by feeding 3-phase IM 
through three-phase inverters discussed in Chapter 8. 


p.u. speed 


21.0 


Te m*@? = constant 


a 


1 Tem= constant 


Torque 
Fig. 12.28. Speed torque 
characteristics of a 3-phase IM with 
stator frequency control with constant 
supply voltage. 


Example 12.23. A 3-phase, 400V, 15kW, 1440 rpm, 50 Hz, star- connected induction motor 
has rotor leakage impedance of 0.4 + j 1.6 Q. Stator leakage impedance and rotational losses 


are assuyned negligible. 


If this motor is energised from 120 Hz, 400V, 3-phase source, then calculate 


(a).the motor speed at rated load 
(6) the slip at which maximum torque occurs and 
(c) the maximum torque. 


: P 60 
Solution. Full-load torque, T, gq =— = ‘Qnx 1440 
(a) At 120 Hz, synchronous speed, 

_4mf, _4nx 120 | 
cy any Cone 


Rotor impedance at 120 Hz 50 


2 
T,.9=99.472=—3_. eo x24 


x 15000 = 99.472 Nm 


120 x rad/s. 


=0.44j16x 20 =0.4473,842/ 9.840 


s 


2 
: 1 0.4 = 
.. Full-load stip, s= Won x 99.472 x (wis = 0.1157 
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u 


Motor speed = Hex 10 (1 - 0.1157) = 3183.48 rpm 
(b) Slip at which maximum torque occurs is given by 
r2_ 0.4 
Sm = 5 = ggg 70-1082 
ae 3 VP 3 400/v3)?_ 
(c) Maximum torque, T,. » = @, 2x)" 1208 2x3.84~ 55.262 Nm. 


12.8.3. Stator Voltage and Frequency Control 
For a 3-phase IM, stator voltage per phase is given by 
, Vi =V2 2A Noa O1° Rot ...(12.66) 
It is seen from above equation that if the ratio of supply voltage V, to supply frequency 
f, is kept constant, the air-gap flux $, remains constant. From Fig. 12.25 (b) and Eq. (12.50), 
the starting torque is given by 
3 v)? 
Dest = oo 2 
O, (ry +19)” + (y+ XQ) 
20, 
AS (ry +19) << (1 + xg) and @, = ray we get 


7 nf? Vite 
et WO OF +h)? 


oP (V1 T, : 
=s—.|]. (12.67 
20, (2 th)? : : 


From Eq. (12.56), maximum torque is given by 

3 VE 

®, “2 (x, + 2%) 

= 3P. : _ ve speed { 
20, 2+ @, (2) +l) 


3P (V y 1 o 
= Fy fetes s! 
) Tel «..(12.68) 


Eq. (12.68) shows that if V/w, or air- gap flux $,,i8 4, b 
kept constant, the maximum torque remains unaltered. Eq. 
(12.67) indicates that starting torque increases even if 
air-gap flux is kept constant. At low values of frequencies, 
the effect of resistances cannot be neglected as compared 
to the reactances. This has the effect of reducing the 4, , 
magnitude of maximum torque at lower frequencies as 
shown in Fig. 12.29. In practice, at low frequencies, the 


Dem = 


Wey > Wg 2> Wey >Osy, 


supply voltage is increased to maintain the level of Torque 
maximum torque. This method of speed control is also Fig. 12.29. Speed-torque 
called volts/heréz control. characteristics of a 3-phase IM 


with volts/hertz control. 
“ Hie 
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If stator resistance is neglected, then from Fig. 12.25 (6), the slip at which maximum 
torque occurs is given by 


- 
{ , Sm = xy - X 
‘ i 

ad, +h) 
As the supply frequency @, is reduced, the slip at maximum torque increases. 


- (12.69) 


In Fig. 12.29, load torque 7, for a certain load is also shown. It is seen from this figure 
that as both voltage and frequency are varied (usually below their rated values), speed of the 
drive can be controlled. The control of both voltage and frequency can be carried out (so as 


to keep 7 constant) through the use of three-phase inverters or cycloconverters. Inverters 


are used in low and medium power drives whereas cycloconverters are suitable for high-power 
drives like cement mills, locomotives etc. 

Variable voltage and variable frequency can be obtained from voltage-source inverters. 
Four such circuit configurations are shown in Fig. 12.30. In Fig. 12.30 (a), three-phase ac is 
converted to constant de by diode rectifier. Voltage and frequency are both varied by PWM 
inverter. The circuitry between the rectifier-and the inverter consists of an inductor L and 


L 


3Jphase = 
ac 
supply 
(a) 
Chopper 4 


3 phase 
ac 
supply 


(6) 


3 phase 
ac 
supply 


3phase 
ac 
supply 


f Dual converter 


Fig. 12.30. Three-phase induction motor speed control through voltage source inverters. 
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capipitor C, called filter circuit. The function of filter circuit is to smooth dc input voltage to 
the inverter. This circuitry’ in between rectifier and inverter is called de link. In Fig. 12.30 
(a), regeneration is not- possible because of diode rectifier. Also, inverter would inject 
harmonics into the 3-phase ac supply. ; 

In Fig. 12.30 (5), three-phase ac is converted to de by diode rectifier. Chopper varies the 
dc input voltage to the inverter and frequency is controlled by the inverter. Use of chopper 
reduces the harmonic injection into the ac supply. Regeneration is not feasible in the scheme 
of Fig. 12.30 (6). : : 

Fig. 12.30 (c) uses a 3-phase controlled rectifier, de link consisting of LandC anda 
force-commutated VSI. Voltage is regulated by controlled rectifier and frequency is varied 
within the inverter. Here regeneration is possible if three-phase full converter is used. 
Regeneration is also feasible in the scheme shown in Fig. 12.30 (d). It uses a 3-phase dual 
converter, L-C filter and inverter. Level of de input voltage to the inverter is regulated in 
dual converter whereas frequency is varied within the VSI inverter. 

Jt may be observed from hbove that volts/hertz control offer speed control from standstill 
upto rated speed of IM. This method is similar to the armature-voltage control method used 
for the speed control of a de motor. 

Example 12.24. A 3-phase, 20 kW, 4-pole, 50 Hz, 400 V delta connected induction motor 
has the following parameters per phase : 


1, = 0.69, r2 = 0.4 Q, X,=x_2= 162. 
Its magnetizing reactance is neglected. If this motor is operated at 200V, 25 Hz with DOL 
starting, calculate 


(a) current and pf at the instant of starting and under maximum torque conditions; 
compare the results with normal values, 

(b) starting and maximum torques and compare with normal values. 

Solution. The subscripts nandd are used here for normal operation and for 
reduced-voltage reduced-frequency operation respectively. 


(a) Starting current : 


V. 400 
r= ee a 5 aq=ll93lA 
0.4 
(n + 2] +@% | [os aw } + aay] 
y= ———_ 2 a= 08 A 
0.4) , (32 
[os+84) (2) | 
6 0), = pgs = 0.2983 
(cos 8), (1243.24)? 
(608 y= ———+ gas = 0-58 


: se) 


(b) Starting torque - 
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= x = (119.31) (i): 108.75 Nm 


u Teg = s = (106)° xa 2 4 | 171.673 Nm : 


It is seen from above that at Lee os reduced-frequency operation 


(i) starting current decreases, however, starting torque becomes more, 
(ii) power factor at starting is improved, therefore power input to motor is more. 


It can be inferred from above that with reduced-voltage and reduced-frequency (keeping 
v/f or flux constant) operation, the performance of IM at starting is improved. 


Maximum torque. The slip at which maximum torque occurs is given by 


2 4 013 
Sn = etme = 0.123 
mn 0S 43.2 
\ 
400 
1,= >? i = 79.875 A 


0.4 2 

[os - vis] +82) 
peek 2 40 

Tem n= 5 x (19-875) * 9 493 


0.4 


‘ . 0.6+ 
(cos), = 9:28 __- _ 0.7692 lag 


0.4 2 
0.6 + 0.123} * (3.2) 
At reduced voltage and reduced frequency, the calculations are as under : 


Spgs aap = 0.284 : 


, 2 3.2 
[os -(22) | 
7 ‘ [yeep = 187A 


0.4 2 
[os <8) +16 
- (71.187)? x 


0.4 


0.6+ 
(cos 8), = eo = 0.822 lag 


[s+ a8ds} +19] 


= 396.26 Nm 


T, 


ae "e = 330.885 A 


0.237 


0.234 
It is seen from above that at reduced voltage and reduced frequency 


(i) current gets reduced whereas pf is improved under maximum torque conditions, 
(ii) the maximum torque, however, gets reduced. | 
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12.8.4. Stator Current Control 


"The developed torque and therefore the speed of a 3-phase IM can also be controlled by 
stator-current control instead of stator-voltage control. The behaviour of a motor with 
stator-current control is different from that obtained with voltage-source inverter. 

Consider a constant current /, fed into the stator windings of a three-phase IM, Fig. 12.31 
(a). So far as rotor current J, is concerned, stator leakage impedance (r, +jx;) plays no role. 
Therefore, the effect of (r, + jx,) can be omitted when studying constant-current mode of motor 
operation. However, (7; + jx;) does influence the magnitude of applied stator voltage V,. For 
stator current J;, the rotor current J, from Fig. 12.31 (a), is given by 

oy ee ae «(12.70) 
ro. 
zt (%_+ Xn) 


The internal, or developed, electromagnetic torque T, is 


383 v. 
T,= a, “1,7 2 
2 
a3 Xn) 2 (12.71) 
® f(r, 2 s 
ra + (xg t+ Xm) 


, Invoking the principle of maximum power transfer in the equivalent circuit of Fig. 12.31 
(a) with r, +jx,=0 and with constant current I,, we get 
r. 


= =x_+X, 
pevse? 
or Sm = rk. +(12.72) 


Eq:-(12:72) gives the slip at which maximum torpue occurs when 3-phase IM is fed from 


current-controlled source. Maximum torque T,,, is obtained by substituting = =x2+X_ in 
im 


Eq. (12.71). : 
| bi nape 2+ Xm) : 
2 
=3 i sea (12,73) 
Also, Tne ae gt tal 
-? ‘ ae 12.74) 


It is seen from Eq. (12.74) that maximum torque is (2) proportional to stator-current 
squared, (ii) independent of supply frequency f, and (iii) independent of rotor resistance. 


The starting torque, from Eq. (12.71), is 


Pee a EU ips ; (12.75) 
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Torque at 
rated I; without 
» saturation 


(b) speed-torque curves with stator-current control. 


The speed-torque characteristics for different stator currents are shown in Fig. 12.3] (6). For 
comparison purposes, speed-torque curve at rated voltage is also sketched. At rated current 
1, = 1.0, starting torque is very low as compared to that obtained with rated voltage V, = 1.0. At 


starting, slip s = 1.0, rz +jx2 is quite low in magnitude producing almost a short-circuiting effect 


=0.5p.u 
21.0 pu 
~ 
Torque 
{a) = (b) 
Fig. 12.31. (a) 3-phase I.M. per-phase equivalent circuit 
\ 
leading to very low current through X,, and therefore very low air-gap flux and low stator voltage. | 


r 
Asa consequence, starting torque is quite small. As speed rises or slip falls, 7 + j X rises, current 


through X,,, increases and as a result, stator voltage of air-gap flux rises leading to higher torque. 
With no magnetic saturation, torque rises to quite a high value as shown by dotted line. In 
practice, the saturation will limit the peaking in maximum developed torque as shown by solid 
curve for J, = 1.0, The speed-torque curves for I, = 0.5 and 2.0 are also shown in Fig. 12,31 (6). 

Aconstant current for the 3-phase IM can be obtained from a 3-phase current source 
inverter (CSI), The advantages of torque and speed control by CSI fed IM are () fault current 
level contro} and (ii) current input is almost unaffected by motor parameter variations. The 
disadvantages of current-fed drives are (i) generation of unwanted harmonics in the system 
and (ii) torque pulsations. 


‘ 
° Stator 
a phase Current 
heb source 
supply inverter 
(a) 
m 4 


3 phase Current 
oe source 
supply inverter 

° 


cecal 
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" Fig, 12.32 shows two circuit configurations for current-fed inverter IM drives. In Fig. 
12.32 (a), 3-phase controlled rectifier gives out controlled de voltage. Inductor L converts this 
voltage to constant current. CSI regulates the output frequency and therefore the torque and 
speed of 3-phase IM. In Fig. 12.32 (b), uncontrolled de voltage is regulated by chopper which 
is then converted to current source by inductor L. As before, CSI then controls the torque 
and speed of three-phase I.M. 

Example 12.25. A 400 V, 4-pole, 50 Hz, 3-phase, star-connected induction motor has 
1) =0, 4; = 4g = 10, 72 = 0.49, X,,=509. This induction motor is fed from (i) @ 
constant-voltage source of 231V per phase and 

(ii) a constant-current source of 28A. 

For both parts (i) and (ii), calculate 

(a) the slip for maximum torque 

(b) the starting and maximum torques 

(c) the supply voltage required to sustain the constant current at the maximum torque. 

Solution. The equivalent circuit for this motor is shown in Fig. 12.38 (a). Its Thevenin’s 
equivalent circuit is drawn in Fig. 12,33 (b) where X, and V, are given by 


1x50 


x, = 7550 ~o.98040 
‘and V, = 281 x20 - 296.5V 
0.98040. 19 
+ | ae y 
, 226.5V 0.4 


{a) (6) 
Fig. 12.33. Induction motor per-phase equivalent circuit, Example 12.25. 


(a) (i) It is seen from the equivalent circuit of Fig. 12.33 (6) that the slip at which maximum 
torque occurs is given by 


0.4 
5m = T9804 ~ 0.202 
(ii) For constant-current operation of IM, slip s,, is given by Eq. 12.72. 
0.4 
Smt = 4 5p = 0.00784 
: 4 
(b) (i) Synchronous speed, , = ty = anne = 50n rad/s 
For constant voltage input, T,.,, is given by 


3 
fT w= a led Te 


's 
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3 226.57 
= ** 0.4 = 96.012 Nm 
50x 0.47 + 1.98047 


| $48 
© ew 2 (xy +X,) 


+ 8 (226.57 _ 
= Bon 2 (1.9804) * 24737 Nm 
(ii) For constant current input, 7, .,, from Eq. (12.75) is 


1 2 
Ty gp = poe CBX 5 0.4= 5.756 Nm 
et 60m 0,47+51 


Maximum torque, from Eq. (12.73) is 
3 (28x 50)". 
Fy m= pee RE. 206.903 Nm 

It is seen from above that for constant-current mode, T, ,, is much smaller (5.756 Nm) as 
compared to T,,, for constant-voltage mode (96.012 Nm). But maximum torque for 
constant-current mode is much more (366.993 Nm) than its value for constant-voltage mode 
(247.37 Nm). Also the slip at which maximum torque occurs is very low (0.00784) for constant- 
current mode as compared to its value for constant-voltage mode (0.202). 

(c) At maximum torque, S,,7 = 0.00784. From the equivalent circuit of Fig. 12.33 (a), the 
magnetizing current J,, is given by 


To_. 0.4 : 
~+jXq Donvaatyl 
In=h;—® = 28,0 0.00784 " _ _ 19.806 /43.865° 
Ta: _04 og 
5 th G+ Xm) 0.00784 *7 52 


Supply voltage required to sustain constant current of 28A is given by 
V, = V3 (19.806) (50) = 1715.2 V 


This shows that maximum torque at low value of slip necessitates a large value of source 
voltage which is much higher than the rated source voltage. But acquiring such a large voltage 
is not feasible. Thus, a large value of maximum torque at low slip is not a practical possibility. 


In actual practice, saturation occurs and the magnitude of X,, is reduced. As a 


consequence, the value of maximum torque under constant-current mode has a much lower 
value than that computed here. 


Summary of Characteristics of Adjustable-frequency Induction-motor Drives. 
crear characteristics of a three-phase induction-motor drives depend upon the 
methods of control techniques employed. For different stator frequencies, a family of 
speed-torque characteristics as shown in Fig. 12.34 can be obtained. These characteristics 
can be subdivided into three regions; constant-torque region, constant-power region and high- 
speed series-motor region. A summary of these characteristics is reviewed here. 

‘Constant-torque region. As explained before, this region of constant torque can be 
obtained by volts/hertz control as shown in Fig. 12.29. In the low-frequency range of speed, 
the effect of stator resistance is compensated by a boost in the stator voltage as shown in Fig. 
12.35. In this region, stator current is kept constant at its rated value. Power, equal to the 
product of constant torque and speed, varies linearly with speed as shown. Slip frequency 
remains constant during this region. 
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‘onstant-power region. When maximum speed, called base speed, is attained in the 
tant-torque region, stator voltage reaches its rated value. Motor speeds beyond base (or 
rated) speed are obtained by keeping stator voltage constant and lowering the stator 
frequency. 


Torque in a 3-phase induction motor is given by 


T,= aD (Power input to rotor) 
0), 


ao 


=— - EJ, cos 6, 


& 


2 : ‘ 
At low rotor frequency, cos 8]= Worronhhee is almost nearer to unity. 
pad at ra” + (2% folos) } a 
T.= 3 -Enly ..(12.76) 
s 
' E, 


2. ; 
—+j x 
3 ti %2 


But rotor current, J, = 


sE; 
At small slips, 2 >> Xq. This gives R= 
2 


Substituting this value of J, in Eq. (12.76), we get 


y 
ook: (2) eas 12.77) 


Emf induced in rotor at stand-still, 
E,=N20 fy Noro’ 91° ua 


E. 
This gives air-gap flux, $< oa 


From Eq. (12.77), T, © 7 -O)7- O, 


or T,=K- 9,2 - @ (12.78) 
If stator impedance is neglected, then 
V,=V2 wh Noni’ $1 Ror 


-. Air-gap flux, Oy — 


woe pe 22,0) 5 Power Electronics 
derbi 


Vv; 
From Eq. (12.78), T,« otal @ 
1 
2 


5 Vv 
or T,=K,- | (12.79) 
@ (9) 


5) 
High speed series 
2<w<3 motoring region 
i 
a wy=2.0 “7 2 Re, t 
; Tem & 
vd Constant power 
1.0< wy< 2.0 Maxm. ail region 
, 


torque | 
T 


Le Constant torque 
wi<10 region 
Maxm. 
allowable torque 
L 
Torque 


Fig. 12.34. Typical speed-torque characteristics of a 
3-phase induction motor with variable-voltage and variable-frequency power supply. 


ae r 


Stator voltage, V, : 


Motor torque,Te 


Stator current 


0 Sansa s 1 2 3. per unit” 
‘onstant torque Constant power High speed series speed 
be region region motoring region + 


Fig. 12.35. Stator voltage, current, slip-frequency, torque and power variation 
with speed for speed-torque characteristics of Fig. 12.34. 
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‘Eq. (12.79) gives approximate value of motor torque for a 3-phase IM working in the 
low-slip range. It shows that if IM is operated at constant stator voltage V, and constant 
rotor frequency @, the motor torque is inversely proportional to supply-frequency squared. 
In case slip (or rotor) frequency @ is increased linearly as @, is increased to obtain 
20. 
hign-operating speed |= oe saa] then = is constant and therefore T,- 0, =K- v? = 

HT 

remains constant giving a constant power characteristic. During constant power operation, 
stator voltage is kept constant but stator frequency is raised. As a result, stator flux decreases 
or air-gap flux is weakened. In view of this, constant-power mode of a 3-phase IM is also 
called field- weakening mode of an IM. 

The upper limit of constant-power mode is reached when maximum working value of rotor 
frequency is reached. 


High-speed series-motoring region. From Eq. (12.79), 


v;- 
T,=K,-——y? (12.79) 


After the constant-power region, high-speed series-motoring region is obtained. In this 
region, stator voltage V, and rotor frequency @, are maintained constant at their maximum 
values. It is seen from Eq. (12.79) that under constant V, and @, operation of a 3-phase IM, 
output torque T, is inversely proportional to supply frequency squared or T, vaties inversely 
as speed squared. In other words, T, - wo remains constant and series-type characteristics 
are ‘thus obtained. As this region corresponds to high-speed series-type characteristics, 
operation under constant Vj,» and variable @, is usually referred to as high-speed 
series-motoring region. : 

In Fig. 12.34, speed-torque characteristics at different stator frequencies in the 
constant-torque, constant-power and high-speed series-motoring regions are shown. The 
maximum torque, indicated by dashed line, is constant below base speed and decreases 
inversely with speed above base speed and upto @,=2.0. In the constant-torque and 
constant-power regions, maximum allowable torque is shown somewhat lower than the 
maximum or breakdown torque T.,, just as a matter of precaution because inverter current 
carrying capability is limited. Maximum allowable 7 : 
ernie - caticatel by solid line in the constant-torque ae al Motor Ne ig 
region and by solid-curve in the constant-power region. 


Example 12.26. Is it possible to obtain fancaeth 
Ward-Leonard type of characteristics from a 3-phase Se 
induction motor ? Discuss. 


Solution. Word-Leonard system of speed control 
for a separately-excited de motor gives torque-speed 
and power-speed characteristics as shown in Fig. 
12.36. A comparison of Figs. 12.35 and 12.36 shows 
that Ward-Leonard type of characteristics as obtained 
in a dc motor can be obtained from a 3-phase induction 0 t 2° per unit 
motor. speed 


1 Constant 


Fig. 12.36. Torque-speed and 
From base speed down to zero speed, the speed power-speed characteristics for 


contre! is obtained by (i) armature voltage control in Ward-Leonard system of speed control. 
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adc motor and (ii) stator voltage and frequency control in a 3-phase induction motor. In both, 
the flux is kept constant by keeping (i) field current constant in a de motor and (i) V/f 
onstant in a 3-phase IM. Armature current in a dc motor and stator current in IM are kept 
‘onstant at their rated, values. In both, constant torque and variable power characteristics 
are obtained from zero to base speed. 


Above base speed, the speed control is obtained by field-weakening method in both de 
and ac motors. Constant power and variable torque characteristics are obtained in both types 
of motors as shown. Armature current in de motor and stator current in 3-phase IM are kept 
constant. In de motor, armature voltage is kept constant whereas field flux is weakened by 
decreasing the field current. In IM, stator voltage is kept constant and air-gap flux is 


weakened by increasing stator frequency but by keeping 2 constant. 
1 


12.8.5. Static Rotor-resistance Control 

In a slip-ring induction motor (SRIM), a 3-phase variable resistor R, can be inserted in 
the rotor circuit as shown in Fig. 12.37 (a). By varying the rotor circuit resistance R,, the 
motor torque can be controlled as shown in Fig. 12.37 (b). The starting torque and starting 
current can also be varied by controlling the rotor circuit resistance, Fig. 12.37 (b) and (c). 
The disadvantages of this method of speed control are : (i) reduced efficiency at low speeds 


tv) Stator current 


{a) () {e) 
Fig. 12.37. Three-phase IM speed control by rotor resistance (a) circuit arrangement 
(b) effect on developed torque (c) effect on stator current. 

(ii) speed changes very widely with load variation (iii) unbalances in voltages and currents 
if rotor circuit resistances are not equal. In spite of these, this method of speed control is 
used when speed drop is required for a short time, as for example in overhead cranes, in load 
equalization etc. 

The three-phase resistor of Fig. 12.37 (a) may be replaced by a three-phase diode rectifier, 


chopper and one resistor as shown in Fig. 12.38 (a). In this figure, the function of inductor 
L, is to smoothen the current J,, GTO chopper allows the effective rotor circuit resistance to 


be varied for the speed control of SRIM. Diode rectifier converts slip-frequency input power 
to de at its output terminals. 

When chopper is on, Vz, = V,=0 and resistance R gets short-circuited. When chopper is 
\off, Vj, = Vz and resistance in the rotor circuit is R. This is shown in Fig. 12.38 (6). From this 
figure, effective external resistance R, is 
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vce supply 1 
fs) ‘ 


°? Resistance 


Slip freq 
power 4 


GTO 

(a) chopper (6) 

Fig. 12.38, (2) SRIM control by static variation of external rotor resistance 
(b) waveforms pertaining to Fig. (a). 


eR RS 
Diode rectifier , 


R- R(T -T, 
Pes © R(T-Tw) _ (1-k) (12,80) 
‘ T T 
T, 
where k = $r = duty cycle of chopper. 


Analysis of induction motor with chopper control. The equivalent circuit for 3-phase 
IM, diode rectifier and chopper circuit of Fig. 12.38 (a) is as shown in Fig. 12.39 (a). 


ry xt 


Re=R(1-k) 


{a) 


Re=R(1-k) 


{b) 


Fig. 12.39 (a). Equivalent circuit for Fig. 12.38 (@), (b) its approximate equivalent circuit. 
’ If stator and rotor leakage impedances are neglected as compared to inductor La 
equivalent circuit of Fig. 12.39 (b) is obtained. Stator voltage V, when referred to rotor circuit 
gives slip-frequency voltage as 


V; 
Soy No=saVi=s By 


1 
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where E, = rotor induced emf per phase at stand-still 
V, = stator voltage per phase 
rotor effective turns, Ng - 
ae. = per phase turns ratio from rotor to stator. 


= Stator effective turns, N 1 
Voltage s E,=s a V,, after rectification by 3-phase diode bridge appears as V, (rectifier 


_ output voltage). 
3Vin 3° ¥3V, 
fm =i 3x8. VB - sa V, = 2.339 saV, 412.82) 


where Vom, = maximum value of phase valet V2 sa V, 
Total slip power = 3s P,. For no losses in the rectifier, this must be equal to V,J,. 


. 3s Py = Vala 
Por‘phase developed power, P,, = (1—s) P, 
Va 1, 
=(1-s) a d (12.82) 
(12.83) 


Also, P,,=T,: ec @, (1-8) 


From Eqs. (12.82) and (12.83), we get 
Val, 2=2) = 7, -@,a-2) 
T,  @, 3s 
or L=— 
d Ve 
Substituting the value of Vy from Eq. (12.81), we get 


3-sT,-0, T,-, ; 
1e= 3595-300," 1288S, 112.84 a) 
_ Load torque T,=3T,, 
where T, = motor developed torque per phase. 
T, : ®, 
i: 1a= 73990 V; (12.84 6) 


Eq. (12.84) shows that inductor current J, is independent of motor speed. Assuming 
inductor to be ideal, de voltage at the rectifier output, 
Vz=Iy:R(1-k) 
From Eq. (12.81), V, = 2.3898 a V,=1,-R (1-) 
, 1,-R(1-k) 
Slip, 8=3399-0V, .(12.85) 
Motor speed, ®,, = @, (1-5) 
Pe R(i-k) 
=@,)1~9339-aV, 
1,:R(1-k) 
Also N=M]1- 2.339-a | 


«(12.86 a) 
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eee the value of I, from Eq. (12.84 6) in Eq. (12.86 a), we get 
‘ T,-@,-RQO-# 
‘xe eee (12.86 6) 
: (2.339 - a V,) ae 
For fixed value of duty cycle, speed falls 
as load torque 7, is increased. 
Each diode in Fig. 12.38 (a) conducts for: 
120°. The waveform of rotor current i, is 


shown in Fig. 12.40. For a ripple-free output 
current I,, it is seen from Fig. 12.40 that . 


rms value of rotor current, 


I,= If: a : 2 = 2 Ig .(12,87) Fig. 12.40. Rotor current waveform 
aa i for ripple-free 14. 
Rotor current referred to stator, ee 
N. 
I= wi2= al,=a-Iy: 2 (12.88) 
Fourier analysis of the waveform in Fig. 12.40 can be obtained from Eq. (8.61). 
0/6 3 6 
A =2f 1, sin ot d@y=21, |- co aef= 22 1, 
Th 'n/6 n we = 
This gives fundamental component of rotor current as 
A, __2N3_ _ V6 
In “W"Ve-n- t Ig 12.89) 
Fundamental component of rotor current referred to stator , 
N, e 
Tn yn =a-Ip =a Ty (12.90) 


Example 12.27. A 3-phase, 420V, 4-pole, 50Hz, star-connected SRIM has its speed 
controlled by means of GTO chopper in its rotor circuit. The effective phase turns ratio from 
rotor to stator is 0.8. The filter inductor makes the inductor current ripple free. Losses in the 
rectifier, inductor, GTO chopper and no-load losses of the motor are neglected. Load torque, 
5 bara to speed squared, is 450 Nm at 1440 rpm. 

(a) For a minimum motor speed of 1000 rpm, calculate the value of chopper resistance R. 

For the value of R obtained in part (a), if the speed is to be raised to 1320 rpm, calculate. 

(b) inductor current (c) duty cycle of the chopper (d) rectified output voltage (e) efficiency 
in case per-phase resistances for stator and rotor are 0.015 2 and 0.02 Q respectively. 


Solution. Per-phase stator voltage, 
V, = 4 = 242.5 
1000 
Load torque at 1000 rpm, T, = 450 tas0|7 217.01 Nm 


Synchronous speed, ®, = Bax i50e =50nrad/s 
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2n x 1000 
60 
(a) From Eq. (12.84 5), the inductor current, 
217.01 x 507 
2.339 x 0.8 x 242.5 ' 
For minimum motor speed, duty cycle k = 0 in Eq. (12.86 a). 


1,-RQ-0) 
ae ®m- ma = s) 1 ~ “9 339 av, 


Minimum motor speed, ©), ma = = 104.72 rad/s 


Iy= = 75.1224 


es 75.122 xR 
ante EO * E 2,339 x 0.8 Es 
This gives R=2.01342 
1320 
) New load torque at 1320 rpm, T, = 450 (tito y- = 378.125 Nm 
Inductor current from Eq. (12.84 5) is 
378.125 x 50 x 
ee 

Ts= F939 x 0.8 x 242.5 ~ 19089 A 

(c) ’ toy, = 22% A820 - 138.28 rad/s. 
: = 130.895 x 2.0134 x (1 — k) 

From Eq. (12.86 a), 138.23 = 50n|1- 2.339 x 0.8 x 242.5 


= 50 x {1 — 0.5808 (1 - &)} 
.: Duty cycle of chopper, k =0.7934 


1500 — 1320 
(d) Slip, s= “7500 0.12 


From Eq. (12.31), Vq = 2.839 x 0.12 x 0.8 x 242.5 = 54.452 V 
. ©) Power loss in chopper resistance 
: = Vy Iz = 54.452 x 130.895 = 7127.5 W 
cae power loss in chopper resistance 
=I? -R(-k) 
= 130.895)" x 2.0134 (1 — 0.7934) =7127W 
From Eg. (12.87), inductor current referred to rotor, 


I= 4/2 =n? x 130.895 = 106.88 A 


Total rotor chmic loss = BIg? rq = 3 x 106.88" x 0.02 = 685.4 W 


From Eq. (12.88), stator current, 
1, = aI, = 0.8 x 106.88 = 85.504 A 


Total stator ohmic loss = 3I,2r, = 3 x 85.504" x 0.015 = 329 W 
Power output = T,,- @,, = 378.125 x 2nx 1820 = 52268.25 W 


Power input = $2268.25 + 7127.5 + 685.4 +329 = 60410.15 Ww 
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Example 12.28. A 3-phase, 400 V, 50 Hz, 960 rpm, star- connected SRIM has the following 
per-phase parameters referred to stator : 
7, =0.1Q, r2=0.08Q, x,=%2=0.39, X,,=0 
Per-phase turns ratio from rotor to stator = 0.7 


Speed of this motor is controlled by a GTO chopper in its rotor circuit. For a speed of 800 
rpm, the inductor current is 110 A and the chopper resistance is 2 Q. Calculate 


Efficiency = 


(a) the value of chopper duty cycle 
(b) efficiency for a power output of 20 kW and for negligible no-load losses. 
(c) the input power factor. 


Solution. (a) Per-phase voltage = ae = 230.9 V 


Synchronous speed, N, = 1000 rpm 
ee ___110x2(1- k) 
From Eq. (12.86 a), 800 = 1000 E 2339 x 0.7 x 2309 


This gives chopper dirty cycle, k = 0.656 
(b) Power loss in chopper = J? R (1) = 110? x 2 (1 - 0.656) = 8324.8 W 
Rims value of rotor current referred to stator, from Eq. (12.88), is 


ves heat? =0.7x 10x? = 62.87A 


Power loss in stator and rotor resistances 
= 3 (62.87) x (0.1 + 0.08) = 2134.4 W 


Power input = 20,000 + 8324.8 + 2134.4 = 30459.2 W 
; 20,000 
} et A = 
Efficiency = 30459.2 * 100 = 65.66% 
(c) From Eq. (12.90), fundamental component of rotor current referred to stator is 
Iy= 8a y= -0.% 110 = 60.04 A 
Power input = V3 x 400 x 60.04 x cos 0 = 30459.2 W 


30459.2 
Input pf= x 400 x 60.04 ~ 0.7323 lag 


12.8.6. Slip-Power Recovery Schemes 


In chopper method of speed control for SRIM, the slip power is dissipated in the external 
resistance and it leads to poor efficiency of the drive. However, instead of wasting the slip 
power in the rotor circuit resistance, it can be conveniently converted by various schemes for 
the speed control of SRIM. Two important slip-power recover schemes are static Kramer drive 
and static Scherbius drive. These are now discussed in what follows. 


12.8.6.1. Static Kramer Drive. The circuit configuration for static Kramer drive is 
shown in Fig. 12.41. The slip-frequency power from the rotor circuit is converted to de voltage 
which is then converted to line frequency and pumped back to the ac source. As the slip power 
can flow only in one direction, static Kramer drive offers speed control below synchronous 
speed only. 
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3-phase 
supply © 


‘Diode rectifier _» Line commutated 
inverter 


Fig. 12.41. Static Kramer drive. 

The slip power from rotor is rectified to de voltage by diode bridge. Inductor Lz smoothens 
the ripples in the rectified voltage V,. This voltage V, is then converted to ac voltage at line 
frequency by line-commutated inverter. As the power flow is from rotor circuit to supply, static 
Kramer drive offers constant-torque drive. As stated before, this scheme offers speed control 
below synchronous speed only. Simplified torque and speed expressions for this drive can be 
derived as follows. : 

Rotor voltage per phase = sE, 
where E, = per phase rotor e.m.f. at standstill - 
and s=slip 

Voltage sE, is rectified to V, by diode bridge. Uncontrolled output voltage of diode rectifier, 
from Eq. (6.37), is . 

__ 3 maximum value of input line voltage 


Va= no 
312 (13 sE,) 3V6 .* 
= = sk, 
™ x 
E,_ V1 N, 
But Ny Ny or Ey=Viqr=eVi 
hy . effective rotor turns per phase, N.’ 
wv an @ = effective stator turns per phase, N,’ 
V, = supply voltage per phase. 
Vy Ba) - saV, = 2.839 saV, (12.91) 


| For three-phase line-commutated inverter, average dc output voltage (with no 
transformer) is 
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i ; vz.-- Ey, cos 90° <a < 180° 
= — 2.339 V; - cos @ (12.92) 


Here negative sign is used to confirm ‘to the firing angle range. ~ 
At no load, electric torque T, is negligible and dc link current I, is almost zero. 
Consequently, the two direct voltages of Eqs. (12.91) and (12.92) must balance. Thus, 
2.339 SaV, = — 2.339 V, cos a ‘ 


or Slip, e=-2eosa .(12.93) 


Ifa = 1, slips =— cos a. For a= 90°, s = 0 (speed synchronous) and for a = 180°, s = 1 (speed 
zero). This shows that no-load speed of the motor can be controlled from near stand-still to 
full speed as firing angle a is varied from almost 180° to 90°. 


In practice, rotor circpit voltage is less than stator voltage and therefore, a < 1. Thus, a 
3-phase transformer is often required between the ac supply network and the inverter in 
order to step down the supply voltage to a-level that is appropriate to V,. Let the transformer 


turn-ratio be ay where 
per phase input voltage to inverter, V2 
r= "Ser phase supply voltage, V;_—— 
AC voltage across inverter terminals, V, = a7: V;. The inverter de voltage V,,, from Eq. 
(12.92), is given by 


Vu.=- 8 ap V; co5 


= — 2.339 -ap- V, cos & (12.94) 


With the use of transformer, from Eqs. (12.91) and (12.94), we get 
2.339 saV, = — 2.339 az: V; cos & 


- ar 
or slip, s=—- cos --(12.95) 


In order to develop motor torque, a rutor current I, is required and the rectifier rotor 
voltage V, must force a current Ij against the inverter dc voltage V,,- When the motor is 
loaded, speed falls and the increased rotor voltage sE, can overcome the voltage drops in the 
rotor windings, in the de link circuit and the converters. 

If resistance of the rotor circuit and inductor L, are neglected, then 


total slip power, 3sP, = Var Ta 
3s, T.= Va. Ig 
Vac “ta 
= «(12.9 
or aE (12.96) 


Substituting in Eq. (12.96), the values of s from Eq. (12.93) and V,, from Eq. (12.92), we 
get 
_ 2.339 V,-cosa-I; 2,389 ¢ Vi +I 


e 
3-1 .cosa-w, 3 @s 


« (12.97) 
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When a transformer is used in Fig. 12.41, then substitute in Eq. (12.96), the values of s 
from Eq. (12.95) and V,,. from Eq. (12.94) and we get 


nH ‘ 


2.339 -V, cos a: I, Vi I. 
pact BEAL a = 2.898 foe 02.98) 


¢ 


ar 
3° cos aw, 


An examination of Eqs. (12.97) and (12.98) reveal that these equations are valid whether 
a transformer is used in the static Kramer drive circuit or not. It is observed from Eq. (12.97) 
or Eq. (12.98) that steauy state torque is 
(t) proportional to de link current, Jy 
(ii) proportional to stator supply voltage, V, 
(iii) proportional to effective rotor to stator turns ratio, a 
and (iv) inversely proportional to synchronous speed, «,. 
The de link current I, is given by 
Va - Vae 
* Tesistance of dc link inductor, Ry 
or Vq= Va_ ty: Ry = 2.339 saV, 
Va, t1y:Rg 
5= 9.3300 V;_ 
~ 2.339 -az- V, cos & TAR 
——3550aV, + 2539aV; 
Ty Ry 
2.339 aV, 


qT, 


Slip, 


=~ cost 
a 
Motor speed ©,, is given by 
: @,, = @, (1 — s) 
TB, 
=0,]1+52 cos a A (12,99) 


Under steady state, from Eq. (12.98), total torque 37, is given by 
av, -1y 


3 


37, = T, = 2.339 


Le o, Ty 
4" 2.339 a V, 


Substituting this value of J, in Eq. (12.99), we get 


or ..(12.100) 


ar o, Ry 
=o,]14+—2 cosa -——-—-4 - 7, 02,10) 
we | a °°" (2.339 aV,)” | 

=a, [: +%cosa-K7,| (12.102) 


@, -Ry 


hi pea Ol ae 
aed (2.339. aV,)" 
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From Eg. (12.101) or (12.102), the 
no-load speed of the drive is given by 


ar 
O_ = W,| 1 += cos O ..(12.103) 
: a 


From Eq. (12.101), the speed-torque 
characteristics of static Kramer drive 
shown in Fig. 12.41 are plotted, for 
different firing angles, in Fig. 12.42. It 
is seen that these characteristics are 
similar to a separately excited de motor 
with armature voltage control. 


Static Kramer drive systems are 
used in large power-pumps and 
compressor type loads where speed 
control is within narrow range and 
below synchronous speed. 


Example 12.29. A 3-phase, 
controlled by means of static Kramer drive. 


is 0.8 and transformer has phase turns ratio from 
ripple free. Losses in diode rectifier, inductor, 
squared and 


torque is proportional to speed 
operating speed of 1000 rpm, calculate. 
(a) rotor rectified voltage 


420 V, 4-pole, 
The effective phase turns 


Speed 


t.0 


0.5 


Per unit speed ——> 


~ 


2.0 pu 


torque 


Fig. 12.42. Speed-torque characteristics of 
static Kramer drive for open loop system.’ 


50 Hz, star-connected SRIM has its speed 
ratio from rotor to stator 
Lv. to h.v. as 0.4, The inductor current is 
inverter and transformer are neglected. The load 
its value at 1200 rpm is 450 Nm. For a motor 


(b) inductor current (c) delay angle of tne inverter (d) efficiency, in 


case inductor resistance is 0.01 2 and per-phase resistances for stator and rotor are 0.015 Q and 


0.02 2. respectively. 


(e) For the firing angle obtained in part (c), the load torque is increased to 500 Nm, find 


the motor speed. 
Solution. (a) Per-phase stator voltage, 


v,=4 =242.5V 


Slip, s= 


Turns ratio from rotor to stator, a = 0.8 
From Eq. (12.91), rectified voltage, 


__ 1500 - 1000 _ 
1500 


i 
3 


Vy = 2.339 saV, 


= 2.339 x 5x 0.8 x 242.5 = 151.26 V 


2 
(b) Load torque at 1000 rpm, T,= 450 x [i300] = 8T, = 312.5 Nm 
4 
Synchronous speed, @, = Sh = anx 50 =50nrad/s 
From Eq. (12.100), inductor current is 
o, Tr 50n x 312.5 =108.18A 


14-3339 aV, — 2.339 x 0.8 x 242.5 
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ar 
(c) FromEg. (12.95), s =—- — 008 


or i a OR sg 
3° 08 
a 1{_2 


= cos 4): 181.81 


(d) Power fed back to supply 
= Vay =, 151.26 x 108.18 = 16363.31 W 


2n x 1000 
60 


Power output =T, - @,, = 312.5 x = 32724.92 W 


Loss in inductor = 1,’ - Ry = (108.18)* x 0.01 = 117.03 W 


Rotor current, 1,= V2 Ij= V2 X 108.18 = 88.33 A 


Rotor ohmic loss = 3], rz = 3 (88.33) x 0.02 = 468.13 W 
Stator current, 1,=@J,= 08 x 88.33 = 70.664 A 
Stator ohmic loss = 3 (70.664)? x 0.015 = 224.70 W 


Power input = 32724.92 + 468.13 + 224.70 + 117.03 = 33534.78 W 
; _ 32724.92 cs 

Efficiency = 33534.78 * 100 = 97.58% 

{e) From Eq. (12.101), we get motor speed as under : 


@, = 50n] 1 +24 ogg 191.81° - BOR 0.01 x 500 _ 
0.8 (2.339 x 0.8 x 242.5) 


=104.121rad/s or 994.3rpm. 

Example 12.30. A static Kramer drive is used for the speed control of a 4-pole SRIM fed 
from 415 V, 50 Hz supply. The inverter is connected directly to the supply. If the motor is 
required to operate at 1200 rpm, find the firing advance angle of the inverter. Voltage across 
the open-circuited slip rings at stand-still is 700 V. Allow a voltage drop of 0.7 V and 1.5 V 
across each of the diodes and thyristors respectively. Inductor drop is neglected. 

Solution. Rotor induced emf at stand-still = 700 V (line) 


700 
E,= eB Vv . 
; _ 1500-1200 
Slip, =" 1500 
pq voltage across the diode rectifier is 


3V6 sE, 
Vy= -2x0.7= 
9 


=0.2 


14 


3V2 x 0.2 x 700 _ 
T 


Inverter de voltage is given by 
wae cos a - 2x 15] 
With no voltage drop in inductor, V,, = V, 


: _ v2 x 415 3N2 x 0.2.x 700 _ 
TT rt 


cos a+3= 1.4 
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as cee cos !| 2284-6879 x 
~ 3V2 x 415 
.. Firing advance angle of inverter = 180 - a = 180° — 109.24° = 70.76° 


eaniple 12.31. Repeat Example 12.30 in case there is an overlap angle of 18° in the 
rectifier and 4° in the inverter. 


F 109.24° 


Solution. Average output voltage for 1-phase full converter, with overlap, is given by Eq. 
(6.45), which is reproduced here, for convenience. 


V, 
Vy=-@ [cos a + cos («+ 1)} 


Similar expression for a 3-phase full converter with overlap will be given by 


Vo= “oR mt feos a+ cos (a + 1)] 
For uncontrolled rectifier bridge, de output voltage is 
3V6 3N6 sEy 0 e ‘3 
d= on [cos 0° + cos (0° + 18°)} - 2x 0.7 
= su6 02% 700 13 + cos 18°] - 1.4= 183.012 V 


Similarly, inverter de voltage is 
3V 
Vue = tess on ! cost cos (a + w} - 2x 15] 


__[{3N2 «415 
2n 
= — 280.18 [cos a + cos (a+ 4°)) +3 ' 
With no-voltage drop in inductor, 
Vac = Va 
us — 280.18 [cos a + cos (a + 4°)} + 3 = 183.012 V 
or cos & + cos (a + 4°) = — 0.6425 
we cos & + cos @ - cos 4° — sin & sin 4° = -— 0.6425 
1.9976 cos a - 0.07 sin o = -0.6425 «(é) 
Note that Acosa-Bsina=VA7+ B’ cos (a+ 8) 
-1B 
A 


(cos @ + cos (4 + a} - 3] 


where @=tan 


Eq, (i) gives 1.9976 cos « - 0.07 sin a = V1. 9976" + 0.07" [os (« + tan} 0:07 | 


1.9976 
=~ 0.6425 

or 1.999 cos (a + 2°) =~ 0.6425 
or a = 106.75° 

Firing angle of advance of inverter = 180 — 106.75° = 73.25°. 

Example 12.32. Using the data of Example 12.30, find the voltage ratio of the transformer 
to be interposed between supply and the inverter for a minimum speed of 1200 rpm. 

3 V6 sE, 3Vv6 


Solution. Here V,= = and Vj, =- ae a Vy - cos a 


For an ideal inducter, Va= Vac 
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3N6 sE, ar: V, 
SG Ep. S89: Veoh or s=-——— - cos & 
Tt rt E, 
Minimum speed means maximum slip. Here s would be maximum in magnitude when 
firing angle of the inverter a = 180°. . 
ore oe _ SE _ 0.2700 _ 140 
~ Es TV, 415 415 


-. Transformer voltage ratio per phase from h.v. to Ly. is 415/140 or ap = 0.3373. 


12.8.6.2. Static Scherbius Drive. In static Kramer drive, speed of SRIM can be con- 
trolled below synchronous speed only. For thé speed control both below and above synchronous 
speed, static Scherbius drive scheme is used. There are two possible configurations to obtain 
such a drive; these are (i) DC link static Scherbius drive and (b) cycloconverter static 
Scherbius drive. These are discussed briefly as under. 


DC link Scherbius Drive. In subsynchronous speed control of WRIM, slip power is 
removed from the rotor circuit and is pumped back into the ac supply. In supersynchronous 
speed control, the additional power is fed into the rotor circuit at slip frequency. The circuit 
diagram of Fig. 12.43 allows both subsynchronous and supersynchronous speed control. It 
consists of one WRIM, two phase-controlled bridges, smoothing inductor and a transformer 
as shown. : 


3 phase 
supply 


Bidirectional 
slip power,* sPg 


‘ ’ ue — 
Phase controlled Phase controlied 
bridge 1 bridge 2 


Fig. 12.43. DC link static Scherbius drive. 


For subsynchronous speed control, bridge 1 has firing angle less than 90° whereas bridge 
2 has firing angle more than 90°. In other words, bridge 1 works as rectifier and bridge 2 as 
line-commentated inverter for subsynchronous motor control. The slip power flows from rotor 
circuit to bridge 1, bridge 2, transformer and to the supply. 

For supersynchronous motor control, bridge 1 is made to work as line-commutated 
inverter with firing angle more than 90° and bridge 2 as a rectifier with firing angle less than 
90°. The power flow is now from the supply to transformer, bridge 2, bridge 1 and to the rotor 
circuit. ‘ 
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Nffar synchronous speed, slip frequency emfs are insufficient for natural commutation of 
thyristors. This difficulty can, however, be overcome by using forced commutation. Thus, the 
provision of both subsynchronous and supersynchronous speed operation complicates the 
static converter system and nullifies the advantages of simplicity and economy which are 
inherent in a purely subsynchronous drive. In addition, static Scherbins drive is expensive 
than static Kramer drive because six diodes are replaced by six thyristors and their controlled 
circuitry. : 3 

Cycloconverter Scherbius Drive. The dual controlled converter system used in de link 
Scherbius drive is now replaced by one phase-controlled line-commutated cycloconverter as 
shown in Fig. 12.44. Such schemes are used for very high-power pumps and blower-type 
drives. Cycloconverter permits the slip-power flow in either direction and the machine can, 
therefore, be controlled in both subsynchronous and supersynchronous ranges with motoring 
and regeneration features. As the slip power is either returned to, or taken from, the supply 
mains, cycloconverter static Scherbins drive offers constant-torque drive scheme. 


3 phase 


supply 


P N P N 


Negative 


——_ 
Bidirectionat slp 
power flow, sPg \ 


Fig. 12.44, Cycloconverter static Scherbius drive: ne 
12.9. SYNCHRONOUS MOTOR DRIVES ines 
ynchronous motors have two windings, one on the stator is three-phase armature 
winding and the other on the rotor is the field winding. The three-phase winding on its stator 
is similar to the 3-phase winding on the stator of a 3-phase IM. Field winding is excited with 
de and it produces. its own mmf called field mmf. Three-phase stator winding carrying 
three-phase balanced currents creates its own rotating armature mmf. The two mmfs combine 
together to produce resultant mmf. The field mmf interacts with the resultant mmf to produce 
electromagnetic torque. A synchronous motor runs always with zero slip, i.e. at synchronous 
speed given by Eq. (12.43). Power factor of synchronous motors can be controlled by varying 
its field current: 


"Por the speed control of synchronous motors, both inverter and cyclonverters are 
employed. The various types of synchronous motors are : 
(i) Cylindrical rotor motors 
(ii) Salient-pole motors 
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(iii) Reluctance motors 
(yj) Permanent-magnet motors. 
These are now described briefly in the following lines. 
12.9.1. Cylindrical Rotor Motors 


These motors have uniform air gap. The per-phase equivalent circuit for a 
_cylindrical-rotor synchronous motor is given in Fig. 12.45 (a). In this circuit, E, = excitation 
voltage = V2 -f0,-Npr: a» Vs = armature terminal voltage, r, = armature resistance, X,= 
synchronous reactance and Z,= vre +X, is called the synchronous impedance. 


(6) 


a) * 
Fig. 12.45. Cylindrical-rotor synchronous motor 
(a) equivalent circuit and () its phasor diagram at a lagging pf load. 


It is seen from the equivalent circuit that 


V,-E,+1,-Z, 
or 1-BEE oF 12.104) 


y, E, 
Eq. (12.104) shows that armature current I, is the difference of two currents z and z 
6 


lagging behind their respective voltages by impedance angle @, as shown in Fig. 12.45 (6). 
Here impedance angle ®, is given by 


6, =tan * (=) 


Power input to the motor is given by 
P,,, = V, [Component of J, in phase with V;} 


In the above expression, subcripts iand m denote input and motor respectively. 
It is seen from Eq. (12.104) and Fig. 12.45 (6) that the component of I, in phase with V, 


[Ve Ey 
is lz cos 6, - Z cos (5 + 9,)}- 


's 
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V, E 
im = V, saa bala 


vi E 
Zz cos 82 —- ae cos (5 + 82) 


Now cos @z = Z and @, = (90 - @,). Substituting these in Eq. (12.105), we get 


Vv? EV, F 
Pin oa Ta Zz, 08 {8 - a,) + 90°} 
E,-V, v? 
f *t.. t 
=—>— sin (8-0) +3 -1, 
Z, Sores gst 
Power output from the motor, P, ,, = Ey [component of J, in phase with EA 


It can be proved similarly that 
E;-V; EP 
Pom = a sin (6+0,)- 55° T, 
$ Zz, 
Here P,,, is the developed power and shaft power =P, — rotational losses. 
2 


, Pi i E,-V, EF 
Developed torque, T, = ac ms ae sin (8+ 0,)- Zz, Er, 


if armature resistance is neglected, then 


Vv, 
mG 
= Pin x sind 
2 E;-V, 
and. ee 
3 , a, x, 
4nf - : 
where O.= "p= synchronous speed in rad/s. 
and . 5 = load, or power, angle 


(12,105) 


++( 12.106) 


+(12.107) 


(12.108) 


«{12,109) 


The torque versus load angle characteristic for a eylindrical-rotor synchronous motor is 
shown in Fig. 12.46 (a). For stable operation of synchronous motor, the load angle 5 should 


never exceed 90° 


t A lof Rated Halt rated 
. | Pull out | torque t torque 
: i + 
[Ena | 
[ | No ioad 
| ! 
| 
: Lagging pt Leading p 
x ids : prise 
unity of 
(a) ib) 


Fig 32.46. Cvlindrical-roter synchronous motor 
J) terque- angle characteristic and (6) its V-curves. 
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Power factor of a synchronous motor depends on the field current. The variation of 
armature current with respect to field current for different loads on the synchronous motor 
pee in Fig. 12.46 (6). As the shape of these curves resemble the letter V, these are called 

‘curves of a synchronous motor. Note that V-curves are obtained for constant shaft load and 
for constant terminal voltage. Unity pf curve is shown dotted. For low values of field current 
(under-excitation), synchronous motor operates at a lagging pf. As the field current is 
increased, it would start operating at unity pf (normal excitation). If the field current is still 
increased beyond the unity pf point (over-excitation), synchronous motor begins to operate at 
a leading pf. ‘ 


The power given by Eqs. (12.107) and (12.108) and torque of Eq. (12.109) have per-phase 
values. For 5 = 90°, pull-out power P,,, and pull-out (or maximum) torque T,., are obtained. 


Ef, 
Paper Sioa) 
Pra = (12.110) 
1 &,-V, 
and aa 4 : A121) 
For fixed field excitation, the excitation emf E;is directly proportional to supply frequency. 
Er 


The synchronous reactance X, is also directly proportional to frequency. This shows that 4 
in Eqs. (12.110) and (12.111) is independent of frequency variation. If supply voltage V, is 
varied in proportion to frequency 80 that Vigor ot is constant, then pull-out torque, Eq. 
(12.111) remains constant. Pull-out power P,,, = T. m% G, however, rises linearly with speed 
as shown in Fig. 12.47. 


At base speed (w, = 1.0), rated voltage and 
rated frequency are reached. Beyond base speed, 
rated voltage is kept constant, but inverter 


frequency can be increased to obtain higher ay 
operating speeds of synchronous motor. £4 Ty= constant 
With constant field excitation, increase in 4 aa i nae s 
E, 4 : 
frequency keeps a constant as stated before. Pnx ' Tem t 
s H H 
_—L 


With supply voltage remaining constant above 4 
base speed, pull-out power, Eq. (12.110), 
remains constant, but pull-out torque 
= a Prix falls inversely with rise in speed as Fig. 12.47. Variation of pull-out torque, pull-out 

®, power, terminal voltage and armature current 
shown in Fig. 12.47. with frequency for a synchronous motor. 


! =e 
2.0 per unit 
}+Constant torque+Constant power —>» frequency 


S 


Example 12.33. A 3-phase, 400 V, 50 Hz, 6 pole, star-connected round-rotor synchronous 
motor has Z,=0+j2 9. Load torque, proportional to speed squared, is 340 Nm at rated 
synchronous speed. The speed of the motor is lowered by keeping V/f constant and maintaining 
unity pf by field control of the motor. For the motor operation at 600 rpm, calculate (a) supply 

| poltage (b) the armature current (c) the excitation voltage (d) the load angle and (e) the pull-out 
torque. Neglect rotational losses. 


fe coc 
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polution. (a) For 600 rpm, the supply frequency, 


Daag ag 
As ¥ is constant, the supply voltage V, is given by 
V, § 400 
30 7 50 or =V,=30x8=240V 
(b) Load torque at 600 rpm, 
a) 
T;, = 340 fc =1224Nm_ 
Power output, P=T,-0,=7;,-0,= 122.4 x 2% 90 . 7690.62 W 
As rotational losses are neglected, V3 V, I, cos @= P 
; _ 7690.62 __; ae 
«. Armature current, I, = Sx 240x1 7 18.50A aXs 
30 Vt Ey 
(c) X,= 59% 2-120 
240 
Per-phase supply voltage, V, = 3 138.57 V 
Per-phase armature current, I, = 18.50 A . 
From the phasor diagram, excitation voltage is f 
£,=W?+,X) ‘ 
= 138.57 + (18.5 x 1.2)" . 
= 140.34 V per phase Fig. 12.48. Phasor 
Line value of excitation voltage pa ener ey igs 
=V3 x 140.34 = 243.07 V 
(d) From the phasor diagram of Fig. 12.48, we get load angle 5 as 
-1fhiX, ~1(18.5x1.2 
ay affis | 1/18. bes © 
5=tan (We ) tan ( 138.57 9.10' 
_ 38 Ep Vi __3 | 140.34 x 138.57 _ 
(e) Tom= wo, X, 20m i2 = 773.77 Nm. 


12.9.2. Salient-pole Motors 


' The armature winding on the stator of a salient-pole motor is similar to that of a 
cylindrical-rotor motor. Field winding on the rotor is a concentrated winding on the salient 
poles. In this type of motor, the air gap is not uniform. For analysis purposes, its armature 
current is resolved inte two components, called direct-axis current J, and quadrature-axis 
current f,. Likewise, there are two reactances, X, = d-axis synchronous reactance and xX, = 
q-axis synchronous reactance. 

The phasor diagram of a salient-pole synchronous motor with negligible armature 
resistance is shown in Fig. 12.49 (a). It is seen from this phasor diagram that 
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V,= E+ 1g Xp +51, Xy 2.112) 
1,=1, sin (0-5), J, =I, cos (6 — 8) 
Also, V,sind =I, .X,=X,-1, cos (6-8) : 
= Xi, [cos 6 - cos § + sin 6 sin 6] 
sin 8 {V, - 1, X, sin 0] = X, - 1, cos @- cos 8 


Jan taMe con O 
tan b= 77 x sin (12.118) 
Power P is given by P = V, cos 8 (current along q-axis) + V, - sin 6 (current along d-axis) 
=V,-cos6-1,-V,-sind- ly + (12.114) 
But 1,X,= V, cos 5 - E; 
V, cos 5 - Ey 
or pan Ease b 
d X% 
r V, sin 8 
1,X,=V,sind or [= X 
q 
Substituting these values of Jj, J, in Eq. (12.114), we get 
E,- V, Vef1 1 
2 Popes ddl ar i {4 |i 
q ig i X sin $+ 2 (x x8 25 +(12.115) 
1gXq } 
Vt 
Te 


Resultant torque 


Fig. 12.49. Salient-pole synchronous motor. 
(a) its phasor diagram and (6) its torque versus load angle characteristics. 


a E;-V, |. a 
The power in Eq. (12.115) has two components. The first component x, sin 8, similar 
d 


to that of round-rotor motor, is called electromagnetic power. The other component 
v2 
X ¥ - 2 sin 2 5 is. called the reluctance power, as it is present due to different reluctances 
qd 
along direct “axis and quadrature axis. 
Developed torque T, is given by 


-V, v2 
oka [Fm vind (ex 25 (12.116) 


Electric Drives {Art. 12.9] 535 


+ for power, the first and second components in Eq. (12.116) are called respectively the 
electPomagnetic torque and the reluctance torque. 

The torque T, versus load angle 5 characteristics are drawn in Fig. 12.49 (b) with the 
help of Eq. (12.116). It is seen that torque is maximum at a load angle less than 90°. 

12.9.3. Reluctance Motors 

A salient-pole synchronous motor connected to a voltage source runs at synchoronous 
speed. If its field current is switched off, it continues running at synchronous speed as a 
reluctance motor. Thus, a machine designed to operate as a reluctance motor is similar to a 
salient-pole motor with no field winding on the rotor. Three-phase armature winding produces 
rotating magnetic field in the air gap. This rotating flux induces a field in the rotor which 
tends to align itself with the armature field, thus producing a reluctance torque at 
synchronous speed. 

Reluctance motors are used for low power drives where constant-speed operation is 
required and where more than one motor is needed for the job so that number of motors can 
run in synchronism. ‘ : 

With zero field current, E,= 0 and the phasor diagram for a reluctance motor cab be drawn 
from Fig. 12.49 (a) by making E,=0, this is shown in Fig. 12.50 (a). From this figure, power 
P is given by 

P=V,-cos8-1,-V,-sin &Iy 

It is seen from Fig. 12.50 (a) that 


V, sind V,- cos 5 
Cai. 4 and [z= os <a 
Substituting the values of I, and J,, we get power Pas 
ve(1_1).. 
Pez [x x8 28 (12.117) 


Phasor diagram of Fig. 12.50 (a) reveals that 
V,- sin =I, X,=X, “1, 0s (0-8). 
1__1,X, 008 8 


This gives §=tan V,-1,X,sin6 .(12.118) 
IqXq 
Te 
180° 
: 45° 90° 6 


(a) 6) 
Fig. 12.50. Reluctance motor (a) its phasor diagram and (6) its torque-angle characteristics. 
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Reluctance torque, from Eq. (12.117) is 


ed Voth a): 
' T,= oy 2 7x, [5 25 (12.119) 
Pull-out torque T,,, is obtained when 5 = 45° 
WPe(1 4 ‘ 
Tene >-+r (12,120) 
em” 20, Fe x, 


. Variation of reluctance torque with load angle is shown in Fig. 12.50 (6). 

Example 12.34. A 3-phase, 400 V, 50 Hz, 4 pole, star-connected reluctance motor, with 
negligible armature resistance, hus X,=8 QandX,=2Q. For a load torque of 80 Nm, 
calculate (a) the load angle (b) the line current and (c) the input power factor. Neglect rotational 
losses. ; 


Solution. (a) Synchronous speed, @, = at = $2280 = 50n rad/s 


o 
; =T. 0, =80x50n= 2 400) 42), 
From Eq. (12.117) P=T, a, = 80 x 50x = 5 Be \la78 sin 26 


_., -1[80x50nx 8] _ 
*$=sin “30000x3 | 12.383° 
(b) Per phase voltage, V, = a = 230.95 V 
V, cos 5 
Fe 3 ~ 230.95 x08 12.382° =28.197A 
d 
V, sin 8 i e 
l= 7 a 230.95 x ae 12.383! =24.761A 
4 ' 
-. Armature current, I, = i? +17 = V28.197" + 24.761" = 37.53 A 
fc): V3 V,I, cos 0=T, - ®, 
‘ V3 x 400 x 37.53 x cos @ = 80 x 50n W 
-. Input pf = Foes = 0.4833 lagging. 


12.9.4. Permanent-magnet Motors 

A permanent-magnet synchronous motor (PMSM) is similar to a salient-pole synchronous 
motor without the field winding on the poles. In PMSM, the required field flux is produced 
by permanent magnets mounted on the rotor. In these motors, the excitation emf E, cannot 
be varied. All the equations governing the performance of a salient-pole synchronous motor 
are also applicable to PMSM with excitation emf Z, taken as constant. The absence of field 
winding, de supply to field winding and two slip rings leads to reduction in motor losses. For 
the same frame size, PMSM has higher pull-out torque and more efficiency as compared to 
salient-pole motor. 

These motors are used in robots and machine tools. A PMSM can be fed from rectangular 
current source or sinusoidal current source. Arectangular current-fed motor has concentrated 
winding on the stator and is used in low-power drives. A sinusoidal current-fed motor has 
distributed winding on the stator and is used in high-power drives. 
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7 PROBLEMS 


12.1. (a) Give the concept of electric drive. Illustrate yore answer with examples. 

(b) Give two methods of speed control normally employed for de motors. Hence, sketch the charac- 
teristics of a separately-excited de motor based on these two methods. Indicate clearly constant-torque 
drive and constant-power drive regions. 

(c) Write down the basic performance equations for a dc series motor. Sketch also the characteristics 
of this motor indicating the two regions of constant-torque mode and constant-power mode. 

12.2. (a) Give the general circuit layout for single-phase de drives. Enumerate the various 1-phase 
de drives used. 

(b) Describe single-phase half-wave converter feeding a separately-excited de motor. Illustrate your 
answer with waveforms and appropriate expressions. 

(c) The speed of a separately-excited de motor is controlled through single-phase half-wave control- 
led converter from 230-V mains. The motor armature resistance is 0.5 Q and motor constant is 
K = 0.4 V-s/rad. For load torque of 20 Nm at 1500 rpm and for constant armature current, calculate (i) 
firing-angle delay of the converter (i) rms value of thyristor current and (iii) input pf of the motor. 

[Ans. (c) 45.821°, 30.52 A, 0.6255 lag} 


12.3. (a) Describe the working of a single-phase semiconverter fed dc separately-excited motor with 
relevant waveforms and expressions. State the assumptions made. 

(b) A single-phase semiconverter feeds a separately-excited de motor. If armature current is ripple 
free, then shown that input supply power factor is given by 

(1 + cos a) Rn-0) 
where &= firing-angle delay of semiconverter feeding the armature circuit of the motor. 

12.4. A separately-excited de motor has its armature circuit connected to one semiconverter and 
field winding to another semiconverter. The supply for both the converters is single-phase, 230 V, 50 
Hz. Resistance for the field circuit is 100 Q and that for the armature circuit is 0.2 Q. Rated load torque 
is 80 Nm at 1000 rpm. The motor constant is 0.8 V-a/A-rad and magnetic saturation is neglected. For 
ripple free armature and field currents and with zero degree firing angle for field converter, determine 
(a) rated armature current (6) firing-angle delay of armature converter at rated load (c) speed regulation 
at full load (d) input pf of the armature converter and the drive at rated load. 

eo [Ans. (a) 48.31 A (6) 39.78° (c) 5.571% (d).0.769 lag, 0.8338 lag] 

12.5. Aseparately-excited de motor is fed from two single-phase semiconverters, one in the armature 
circuit and the other in the field circuit. Field current is constant at 2A. Motor armature resistance is 
0.8 Q and motor constant is k= 0.5 v-s/A-rad. AC voltage is 230V, 50Hz. For a ripple-free armature 
current and speed of 1500 rpm, calculate. 

(a) motor current and torque for a firing angle of 30° and 

(b) input supply power factor. [Ans. (a) 45.12 A, 45.12 Nm (5) 0.92 lag] 

12.6. (a) Describe, with appropriate voltage and current waveforms, the working of a single-phase 
full-converter fed dc drive. 

Derive also an expression for its input pf. State the assumptions made. 

(b) A 200 V, 1000 rpm, 10A separately-excited de motor is fed from a single-phase full converter 
with ac source voltage of 230 V, 50 Hz. Armature circuit resistance is 19. Armature current is 
continuous. Calculate firing angle for 

(i) rated motor torque at 500 rpm. 

(ii) half the rated motor torque at (— 500) rpm. [Ans. (5) (i) 59.526° (ii) 115.766°] 

12.7, The speed of a separately-excited de motor is controlled by two single-phase full converters, 
one in the armature circuit and the other in the field circuit. Both converters are fed from the same 
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single-phase, 230 V, 50 Hz source. Armature resistance is 0.5 Q and field circuit resistance is 200 Q. 

Firing angle for field converter is zero and motor constant is 0.8 V- s/A-rad. Armature and field currents 
are continuous and ripple free. If armature current is 30 A for a firing angle of 45°, then calculate 

P motor speed (b) motor torque (c) input pf of the armature converter and (d) input pf of the drive. 

‘ [Ans. (a) 1515.1 rpm (b) 24.845 Nim (c} 0.6365 lag (d) 0.6672 lag} 


12.8. Describe the use of a three-phase semiconverter for the speed control of a de series motor. 
Illustrate your answer with appropriate waveforms. 

Derive expressions for the rms values of source and thyristor currents and the average value of 
SCR current for (a) firing -.ngle < 60° and (d) firing angle > 60°. 

12.9. The speed of a de series motor is controlled by a 3-phase semiconverter connected to 3-phase, 
400V, 50Hz source. The motor constant is 0.4 V-s/A. rad. Total field and armature resistance is 1 Q. 
Assuming continuous and ripple free armature current at a firing angle of 40° and speed of 1000 rpm, 
determine 

(a) motor‘current and motor torque 

(6) power delivered to motor 


(c) reactive power drawn from the supply in VAr. 
[Ans. (a) 11.12 A, 49.462 Nm (6) 5303.46 W (c) 3383.085 VAr] 


12.10. (a) Describe how the speed of a separately-excited de motor is controlled through the use of 
two 3-phase full converters. Discuss how two-quadrant drive can be obtained from this scheme. 
Derive expressions for rms values of source arid thyristor currents. State the assumptions made. 
(b) The speed of a 50 kW, 500V, 120 A, 1500 rpm separately excited de motor is controlled by a 
three-phase full converter fed from 400V, 50Hz supply. Motor armature resistance is 0.1 Q. Find the 
range of firing angle required to obtain speeds between 1000 rpm and (- 1000) rpm at rated torque. 
‘ {Ans. (6) 51.35°, ~ 125.46°) 
12,11. The speed of a separately-excited de motor is controlled by means of two 3-phase full 
converters, one in the armature circuit and the other in the field circuit and both are fed from 3-phase, 
400 V, 50 Hz supply. Resistance of armature and field circuits are 0.2 Q and 320 © respectively. The 
motor constant is 0.5 V-s/A. rad. Field converter has zero degree firing-angle delay. Armature and field 
currents have negligible ripple. For rated load torque of 60 Nm at 2000 rpm, calculate (a) rated armature 
current (b) firing angle delay of the armature converter (c) speed regulation at rated load and (d) input 
pf of the armature converter and the drive at rated load. 
[Ans. (a) 71.10 A (6) 69.291° (c) 8.045% (d) 0.3376 lag, 0.3601 lag] 
12.12. A dc motor driven from a 3-phase full converter shown in Fig. 12.17 draws a dc line current 
of 90 Awith negligible ripple. (a) Sketch the line voltage vq, taking it zero-crossing and becoming positive 
at wt = 0°, Also, sketch line current i, (for one cycle) and thyristor current ip for a firing angle of 30°. 


Conduction of SCRs must also be indicated. 

(b) Calculate average and rms values of thyristor current. 

(c) Compute power factor at ac source 

(d) For motor constant of 2.5 V-s/rad and armature circuit resistance of 0.4-Q, calculate the motor 
speed. 

12,13. (a) Describe how the speed of a de series motor can be controlled by means of a de chopper. 

(6) Adc series motor, fed from 400V de source through a chopper, has the following parameters : 

rq = 0.05 Q, r, = 0.07 0, k= 5 x 10° ° Nm/amp*. 
The average armature current of 200 A is ripple free. For a chopper duty cycle of 50%, determine 


(i) input power from the source (ii) motor speed and (iii) motor torque. 
[Ans. (b) () 40 kW (ii) 1680.68 rpm (ii) 200 Nm] 
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2.14, A 230 V de source is connected to a separately-excited de motor through a chopper operating 
at 5P0 Hz. The load torque at 1200 rpm is 32.5 Nm. The motor has r, = 0, L, = 2mH and K,, = 1.3 V-s/rad. 
Motor and chopper losses are neglected. 

(a) Calculate the minimum and maximum values of armature current and the armature-current 
excursion. . Boe 
(b) Obtain the expressions for armature current during on and off periods of a chopper cycle. 
{Ans. (a) 22.634 A, 27.366 A, 4.732 A (bj 22.634 + 3332 t, 27.366 - 8168 t] 
12.15, Repeat Prob 12.14 in case armature circuit of the de motor has a resistance of 0.3. Q 
{Ans. (a) 14.438 A, 18.95 A, 4.512 A 
(b) 222.13 (1 — e754) + 14.43 7 1; - 544.53 (1 -€7 15) 4 18.95 e 
12.16.What is regenerative braking ? Describe the regenerative braking of a chopper-fed separately- 
excited dc motor. Illustrate your answer with circuit diagram and relevant waveforms. 
Derive expressions for the. minimum and maximum braking speeds for obtaining regenerative 
braking of the de motor. 
Show that the speed range ‘for regenerative braking is (V, + Iqha) : fa%ar 


- by 


12.17. A 220 V, 60 A de series motor, having combined resistance of armature and field of 0.15 2, 
is controlled in regenerative braking mode. The de source voltage is 220 V. Motor constant is 0.05 
v-s/A.rad. The average motor armature current is rated and ripple free. For a duty cycle of 50%, 
determine 

(a) the power returned to the supply, 7 

(b) minimum and maximum permissible braking speeds and 

(c) speed during regenerative braking. [Ans. (a) 6.6 kW (6) 28.65 rpm, 728.9 rpm (c) 378.82 rpm) 

12.18. (a) Distinguish between two-quadrant and four-quadrant drives. 

(b) Describe how a four-quadrant drive can be obtained from a chopper-fed separately-excited de 
motor. 

12.19. (2) What are ac drives ? Give the merits and demerits of ac drives with respect to dc drives. 

(b) From the approximate equivalent circuit of a 3-phase induction motor, derive the following 
expressions : 


Torque at any slip, slip at maximum torque, maximum torque, maximum torque and slip at which 


it occurs in case stator resistance is neglected. 

12.20. (a) Enumerate the various methods of speed control of a 3- phase induction motor when fed 
through semiconductor devices. ‘ 

(b) Describe stator-voltage-control technique for the speed control of a 3-phase induction motor. 

12.21. (a) For fan-type loads, show that rotor current in a 3- phase induction motor is maxmimum 
when slip s = 1/3. State the assumptions made. 

(b) A 400 V, 50 Hz, 3-phase SCIM develops full-load torque at 1470 rpm. If supply voltage reduces to 
340 V; with load torque remaining constant, calculate the motor speed. Assume speed-torque characteristics 
of the motor to be linear in the stable region. Neglect stator resistance. : 
; [Ans. (b) 1458.5 rpm] 


12.22. (a) Induction motor speed contro! with constant-supply voltage and reduced-supply frequency 
is rarely used in practice. Justify this statement. 

(b) Describe stator frequency control for the speed control of a 3-phase induction motor. Derive 
expressions for motor torque, maximum torque and the slip at which it occurs. State the various 
assusaptions made. 

Discuss, why during this method of speed control, an induction motor is said to be working in 
field-weakening mode. 
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12.23. A 3-phase, 400V, 20 kW, 970 rpm, 50 Hz, delta-connected induction motor has rotor leakage 
impedance of 0.5 + j 2.00 Q. Stator leakage impedance and rotational losses are assumed negligible. 

If this motor is energised from a source of 3-phase, 400 V, 90Hz, then compute 

"\a) the motor speed at rated torque ‘ 

(b) the slip at which maximum torque occurs and 

(c) the maximum torque. {Ans. (a) 1819.8 rpm (6) 0.138 (c) 235.785 Nm] 

12.24. Explain volts/hertz control for a 3-phase induction motor for its speed control. Enumerate 
its advantages. 

Describe at least two inverter circuits used for volts/hertz control. 

1.25. (a)-Discuss how volts/hertz control for a 3-phase induction motor is similar to armature-volt- 
age control of a dc motor. 

(b) In stator-frequency control of a 3-phase induction motor, explain why 

(i) ratio V/f is maintained constant for speeds below base speed 
(ii) terminal voltage is maintained constant for speeds above base speed. 

12.26. A 3-phase, 15kW, 420V, 4-pole, 50Hz, delta-connected induction motor has the following 

per-phase parameters referred to stator : 
7) =0.59,72=0.4 Q, xy = x2 =1.50,X,=0 

If this motor is operated at 210V, 25Hz with DOL starting, calculate 

(a) current and pf at the instant of starting and under maximum torque conditions ; compare the 
results with normal values, } 

(b) starting and maximum torques and compare with normal values. 

: {Ans. (a) 120.05 A, 0.5145 lag, 81.862 A, 0.8112 lag 
‘ At normal : 134.1 A, 0.2873 lag, 90.486 A, 0.763 lag 
(6) 220.2 Nm, 404.702 Nm 
At normal : 137.38 Nm, 475.662 Nm] 
12.27. Describe stator-current-control method for the speed control of a 3-phase induction motor, 


Derive expressions for maximum torque, slip at maximum torque etc. by using approximate equivalent 
circuit. ‘ 

Discuss the effect of saturation on the speed-torque characteristics obtained by this method of speed 
control.” 

12.28. A 420 V, 6-pole, 50Hz, 3-phase, star-connected IM has rj = 0, x, =x2=1.2Q,r2=0.5Q and 
Xj, = 50 Q as its per-phase parameters referred to stator. This IM is fed from (2) constant-voltage source 
of 242.5-V per phase and (ii) constant-current source of 30A. 

For both types of sources (i) and (), calculate 

(a) the slip for maximum torque, 

(b) the starting and maximum torques and 

(c) the supply voltage required to sustain the constant current at the maximum torque. 

(Ans. (a) 0.2108, 0.00976 (b) 136.71 Nm, 12.293 Nm ; 338.676 Nm, 629.47 Nm (c) 1838.1 Vv) 

12.29, Sketch speed-torque characteristics of a 3-phase induction motor as influenced by different 
control techniques employed for its speed control by using semiconductor devices. Explain the three 
regions into which these characteristics can be subdivided. 

Discuss the various methods employed for obtaining the three regions. 

12.30. Discuss, in detail, how Ward-Leonard type of characteristics can be obtained from a 3-phase 
induction motor. 

Explain also how high-speed series-motoring region is obtained in a 3-phase induction motor. 

12.31. (a) Describe static rotor-resistance control method for the speed control of a 3-phase induction 
motor. 
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Derive expressions for inductor current: and motor speed in terms of load torque, supply voltage, 
motor turns ratio, synchronous speed etc. 

(b) A 3-phase SRIM uses rotor ON-OFF control by means of chopper for its speed control. The 
effective rotor resistance is increased to 10 times during off period. If the motor develops 0.4 pu torque 
at a slip of 0.02 for normal operation, calculate the average torque developed at the same slip for 20%, 
50% and 80% duty cycles of the static rotor chopper. 


(Hint. (4) At low values of slips, 
T,.=K ve s 
2 


7.,204-K¥x0.02 or xe .20 
r2 rT, 


KV? _ 20x 0.02 
To" For,2= 10 °4P™ 
Ton Ter t Topp Te 
Net torque, T ret = non eh oll 2 ete. {Ans. (8) 0.112 pu, 0.22 pu, 0.328 pu) 


12.32. A 3-phase, 400V, 6-pole, 50 Hz, star-connected SRIM uses a chopper in its rotor circuit for 
its speed control. The effective turns ratio from rotor to stator is 0.6. Inductor current is ripple free. 
Losses in the rectifier, inductor, chopper and no-load losses of the motor are neglected. Load torque, 
proportional to speed squared, is 360 Nm at 970 rpm. 

' (q) For a minimum motor speed of 600 rpm, calculate the value of chopper resistance R. 
For the value of R obtained in part (a) if the speed is to be raised to 800 rpm, calculate 
. (b) inductor current (c) duty cycle of the chopper (d) rectified output voltage (e) efficiency in case 
per-phase resistances for stator and rotor are 0.015 Q and 0.02 2 respectively. 
[Ans. (a) 3.496 © (b) 65.93 A (c) 0.7187 (d) 64.823 V (e) 79.285%] 


12.33; (c) In static rotor-resistance control of a 3-phase SRIM, each diode in the rotor circuit 
conducts for 120°. Assuming ripple free rotor current, derive expressions for rms value of rotor current 
reférred to stator, fundamental component of rotor current and its value referred to stator. 

(b) A 3-phase, 415V, 50 Hz, 1470 rpm, star-connected SRIM has the following per-phase parameters 
referred to stator : 

. 71 = 0.12 Q, rp = 0.12, x4 = 22 = 0.4.2, Xp, =0 


Per-phase turns ratio from rotor to stator = 0.8 


Speed of this motor is controlled by rotor ON-OFF control. For a speed of 1200 rpm, the inductor 
current is 100 A and chopper resistance is 1.8 Q. Calculate 


(i) the value of chopper duty cycle 
Gi) efficiency for a power output of 25: kW and for negligible no-load losses 
(iii) the input power factor. [Ans. (5)(i) 0.498 (ii) 67.84% (iit) 0.822 lag] 


12.34. Describe static Kramer drive and show that steady-state torque is not influenced by whether 
a transformer is used or not. 

Derive appropriate expressions to obtain speed-torque characteristics of static Kramer drive. 

12.35. Speed of a 400V, 6-pole, 50Hz, star-connected SRIM is controlled by static Kramer drive. 
The effective phase turns ratio from rotor to stator is 0.6 and transformer has phase turns ratio from 
lv. to hv. as 0.4. The inductor current is ripple free. Losses in diode rectifier, inductor, inverter and 
transformer are neglected. The load torque is proportional to speed squared and its value is 250 Nm 
at 800 rpm. For a motor operating speed of 700 rpm, calculate 

(a) rotor rectified voltage (6) inductor current (c) delay angle of the inverter (d) efficiency in case 
inductor resistance is 0.01 and per-phase resistances for stator and rotor are 0.015 9 and 0.02 Q 
respectively (e) For the firing angle obtained in part {c), the load torque is increased to 350 Nm, find 
the motor speed. [Ans. (a) 97.23V (b) 61.84 A (c) 116.743° (@) 98.37% (e) 696.53 rpm] 
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12.86. (a) Describe a static Kramer drive and show that the slip s at which it operates is given hy 


| s=- =F cos a 
a 
wherd'a and a7 pertain to per-phase turns ratio for SRIM and transformer respectively. 


(b) Speed of a 6-pole SRIM fed from 400 V, 50Hz source is controlled by static Kramer drive. The 
inverter is directly connected to the supply. If the motor is required to operate ul-800 rpm, determine 
the firing advance angle of the inverter. Voltage across the open-circuited slip rings at nd-still is 
600V. There is a voltage drop of 0.7V and 1.5V across each of the diodes and thyristsr chivaly, 
Inductor drop is neglected. , 


In case transformer is to be interposed betweew supply and the inverter for obtaining a minimum 
speed of 600 rpm, determine the voltage ratio of the transformer from Lv. to h.v. 


{Ans. (5) 106.97°, 0.6) 

12.37. Repeat Problem 12.36(b) in case there is an overlap angle of 12° in the rectifier and 5° in 

the inverter. (Ans, 76.305°) 

12.38. Explain, with relevant circuit diagrams, both types of static Scherbius drives for obtaining 
speeds below as weil as above synchronous speed. 


12.89. (a) Enumerate the various types of synchrouous motors. Derive an expression for power 
developed in a cylindrical-rotor synchronous motor with negligible armature resistance. 


(b) A 415V, 50Hz, 4-pole, star-connected synchronous motor has X, = 1.5 2. Load torque, proportional 
to speed, is 300 Nm. at synchronous speed. The speed of the motor is lowered by keeping y constant. and 


maintaining 08 pf leading by field control. For the motor operation at 840-rpm, calculate (a) supply voltage 
(b) the armature current (c) the excitation voltage (d) load angle and (e) the pull-out torque. Neglect 
rotational losses. 

; [Ans. (a) 232.4 V (b) 44.96 A (c) 276.635 V (d) 10.904° (e) 870.15 Nm) 


12.40. (a) Derive the expression, for power developed in a salient-pole synchronous motor in terms 
of excitation voltage, load angle etc. Neglect armature resistance. 

(b) Explain the working and uses of a permanent-magnet synchronous motor. How does the 
input-current waveforms effect the constructional features of PMSM ? 


APPENDIX 


OBJECTIVE TYPE QUESTIONS 


In this appendix, objective type questions pertaining to Chapters 2 to 10 are given. In all 
the chapters, the questions are so framed that the answer for each may be a number, a clause 
or qd sentence. In case four alternatives are provided, there is one correct answer unless 
othErwise stated in the question. 


POWER SEMICONDUCTOR DIODES AND TRANSISTORS 


1. For a diode, reverse recovery time is defined as the time between the instant diode 
current becomes zero and the instant reverse recovery current decays to 


(a) zero (b) 10% of reverse peak current Ipy 
(c) 25% of Iny " (d) 15% of Iny 
2. In a diode, the cut-in voltage and forward-voltage drop are respectively 
(a) 0.7 V, 0.7 V (b) 0.7V,1V 
(c) 0.7 V, 0.6 V (d)1V,0.7V 
3. The softness factor fot soft-recovery and fast-recovery diodes are respectively 
(a) 1,>1 (b).<1,1 
(c) 1,1 @i,<1 
4. Reverse recovery current in a diode depends upon 
(a) forward field current (b) storage charge . 
(c) temperature (d) PIV 
5. In a BJT, 
a a 
(a) B= sy ; (6) Bes 
1 
(c) a= art @) «=F 


6. A power MOSFET has three terminals called 
(a) collector, emitter and base (6) drain, source and base 
(c) drain, source and gate (d) collector, emitter and gate 


7. As compared to power MOSFET, a BJT has 
(a) lower switching losses but higher conduction loss 
(b) higher switching losses and higher conduction loss 
(c) higher switching losses but lower conduction loss 
(d) lower switching losses and lower conduction loss 


8. Choose the correct statement : 
(a) MOSFET has positive temperature coefficient (TC) whereas BJT has negative TC 
(b) Both MOSFET and BJT have positive TC 
(c) Both MOSFET and BJT have negative TC 
(d) MOSFET has negative TC whereas BJT has positive TC 


9. Choose the correct statement : ; 
(a) Both MOSFET and BJT are voltage controlled devices (CDs) 
(b) Both MOSFET and BJT are current CDs 
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(c) MOSFET is a voltage CD whereas BJT is a current CD 


(d) MOSFET is a current CD whereas BJT is a voltage CD 

10. Secondary breakdown occurs in 
(a) MOSFET but not in BJT (b)' both MOSFET and BUT © 
(c) BJT but not in MOSFET (d) none of these 

11. At present, the state of the art devices are available as under : 


MOSFET BJT 
(a) 1200 V, 800 A 500 V, 140A 
(b) 500 V, 140 A 1200 V, 800 A 
(c) 800 V, 1000 A . 1000 V, 1200 A 
(d) 200 V, 140'A 1500 V, 800 A 


12. An IGBT has three termizials called 
(a) collector, emitter and base (b) drain, source and base 


(c) drain, source and gate (d) collector, emitter and gate 
13. An MCT has three terminals called 

(a), anode, cathode and gate (b) collector, emitter and gate 

(c) drain, source and base (d) drain, source and gate 


14, For the switching waveform shown Fig. A-1 in for a 
power transistor, the peak instantaneous power loss in 
watts is ‘ : 


(a) 250 (6) 500 


(c) 166.67 (d) 333.33 Woy 
15. For the switching waveform shown in Fig. A-1 for a 
power transistor, the average value of switch-on power Y 
loss at a switching frequency of 10 kHz is fs Agactemas! 
(a) 1W (b) 2W ; 
(c) 3W (d)4W ‘ Fig. A-l 


16. Match the devices on the left hand side with the circuit symbols on right hand side. 
A 


o—+{ 
(A) BJT (1) G 
dq 
iC 
(B) MOSFET (2) g 


(C) IGBT 
3 (3) al 
G 
S 
Cc 
(D) MCT ; 3 
I 
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ANSWERS 
1. () 2. (ce) 3. (d) 4. (a) 5. (b) 6. () 
7 (c) 8. (a) . (c) 10. (c) 11. (b) 12, (d) 
13. (a) 14. (a) 15. (6) 16. A-2;B-3:C-4;7"1 


DIODE CIRCUITS AND RECTIFIERS 


‘4, In Fig. A.4 ; Vi, Vz and V, 


Ln Fig. A.2, capacitor C is charged to Vy = 


50 V with upper plate positive. Switch S is 


closed at ¢=0. Cu.rent through the circuit at t= 0 and final voltage across C are 


respectively, 
(a) 15 A, 200 V 
(ec) 25 A, 250 V 


S422 R=100 


Fig. A-2 


(b) 20 A, 200 V 
(d) 15 A, 150 V 


Fig. A-3 


2. In Fig. A.2, suppose capacitor C is charged to 50 V with lower plate positive. Switch 
S is closed at t = 0. Current through the diode at ¢ = 0 and final voltage across C are 


respectively 
(a) 25 A, 250 V 
(c) 20 A, 200 V 


steady-state, uv, equals 


(a) 200 V 
(c) zero 


V,, Vz and V; are respectively 
(a} 100 V, 100 V, - 100 V 
(c) - 100 V, 0, 200 V 


Fig. A-4 


5. In Fig. A.5, initial voltage across 


Switch S is closed at ¢= 0. In stea 


(b) 25 A, 200 V 
(d) 15 A, 150 V ' 
3. In the circuit of Fig. A.3, switch S is closed at t= 0 with i, (0)=0 and v, (0) =0. In 


(6) 100 V 
(d) - 100V 


are zero centre PMMC voltmeters. The circuit is initially 
relaxed. Switch S is closed at t=0. In steady state, readings 


of voltmeters 


(b) 100 V, 0, 200 V 
(dy 100 V, 0, 100 V 


S +e2= OL 


Fig. A-5 


capacitor is V)=50V with the polarity as shown. 
dy state, uc and up are respectively given by 
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(a) 400 V, - 200 V " (6) 350 V, - 150V 
(c) 200 V, 0 (d) 450 V, -250V 

6. In Fig. A.5, if C=8 pF andL= 0.2 mH, the peak current handled by diode is 
(a) 40A (0) 50A 

(c) 10A (d) 830A 

7. In Fig. A.6, initial voltage across capacitor is 
V,) = 50 V with the polarity as shown. Switch S is S qed Sect 
closed at ¢ = 0. In steady-state, vc and up are respec” +! 
tively given by 
(a) 400 V, -200V (b) 350, - 150V cly, 
(c) 200 V, 0 (d) 450 V, - 250 V — 


8. In Fig. A6, if C=8puF and L=0.2mH, the peak 


current through diode is given by Fig. 46 
{a) 40A (b) 50 A 
(c) 10A (d) 830A 


9. In Fig. A.7, capacitor C is initially charged with voltage V, with upper plate positive. 
Switch S is closed at t= 0. At t= 0+, u, and i are given by 


9, 2 Yo 
(a) 0, 5% () -VoR 


Vo Vo 
.€) -Vo-R (d) VoR 


Fig. A-7 Fig. A-8 

10. In Fig. A.8, capacitor C is initially charged with voltage Vo. Switch S is closed at 
t=0. In steady state, vc and vp are respectively given by 
(a) Vo, - Vo (b) 0,- Vo 
(c) - Vo, 0 (d) Vo; Vo 

11. Each diode in Fig. A.9 can be described by a cut-in voltage and zero resistance. If the 
cut-in voltage of diode D1 is 0.2 V and of diode D2 is 0.6 V, the magnitude of current 
I, through D1 is .....- mA and magnitude of current through D2 is ...... mA. 


wka 


=e 100¥ b2 


Fig. A-9 
12. In Fig. A.10, ideal PMMC ammeter M will read 
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(a) zero (b) 1.414A 
| (c) 0.707 A (dd) 1A 
18. In Fig. A.10, if ammeter M is an ideal MI ammeter, then it will read 
(a) 0.707 A \ (b) 1414A 
(c) 1.225 A . (dd) 1A 
14. In Fig. A.11, ideal moving iron voltmeters M1 and M2 will respectively read 
(a) 141.4 V, 141.4 Vv (b) 0, 141.4 V 
(c) 0, 200 V : (d) 141.4 V,0 
: ) 
(@rmnsna0e 10sin 3141 Cc 100uF 
Fig. A-11 5 Fig. A-12 
15. In Fig. A.12, an ideal moving iron voltmeter M will read 
(a) 7.07 V (b) 12.25 V 
(c) 14.14 V (d) 20.0 V 
16. In Fig. A.13, zero-centre and ideal PMMC voltmeters M1 and M2 will read 
(a) -10V,10V (b) 0,10 V 
(c) - 10 V, 7.07 V . (d) 10 V, 7.07 V 


D 


wa 
300sinwt 
100V 
Fig. A-13 Fig. A-14 
17. In Fig. A.14, PIV required for the diode is 
(a) 300 V (b) 100 V 
(c) 200 V (d) 400 V 


18. A single-phase one-pulse diode rectifier is feeding an RL load with freewheeling diode 
across the load. For conduction angle f, the main diode and freewheeling diode would, 
respectively, conduct for 
(a) 1,7-B (b) x, B-% 
(c) B® (d) B-%,% 
19. A single-phase full-bridge diode rectifier delivers a load current of 10 A, which is 
ripple free. Average and rms values of diode currents are respectively 
(a) 10 A, 7.07 A (6) 5A, 104 
(c) 5A, 7.07 A (d) 707A, 5A 
20. A single-phase full-bridge diode rectifier delivers a constant load current of 10 A. 
Average and rms values of source current are respectively 
(a) 5A, 10A (b) 10A,10A 
(ce) BA, 5A (d) 0,10 A 
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1. A voltage v = 4 sin wt is applied to the terminals A and B of the circuit shown in Fig. 
A.15. The diodes are assumed to be ideal. The impedance offered by the circuit across 
the terminals A and B in kilo-ohms is 


(a) 5 ' (6) 20 
(c) 10 (d) none of these 
A 
AKA 
[ vy 
p 
sinat 
4v 
Fig. A-15 Fig. A-16 
22. The peak current through the resistor of circuit of Fig. A.16, assuming the diodes to 

be ideal, is a : 
(a) 12mA (6) 4mA 
(c) 16 mA (d) 8mA 


23. In Fig. A.17, V1 and V2 are zero-centre PMMC voltmeters. When a sinvf8oidal signal 
is applied, V2 reads + 20 V. The reading of the voltmeter V1 is ...... volts. 


PMMC 


Fig. A-17 Fig. A-18 
24. For a symmetrical square wave of 800 V peak to peak and for ideal diode, the 
voltmeter in Fig. A.18 will read 
(a) 200 V (6) 400 V 
(ce) 800 V (d) zero 
25. The circuit in Fig. A.19 shows zener-regulated dc power supply. The zener-diode is ideal. 
The minimum value of R, down to which the output voltage remains constant is 


{a) 272 (6) 4592 
(c) 15Q (d) 242 
100.2 
oe i its 
Liv toad 
t Fig. A-19 Fig. A-20 


26. In the circuit of Fig. A.20, the 5V zener diode requires a minimum current of 10 mA. 
For obtaining a regulated output of 5 V, the maximum permissible load current I, is 


sete mA and the minimum power rating of zener diode is ...... W. 
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27. Fig. A.21 shows an electronic voltage regulator. The zener diode may be assumed to 
require a minimum current of 25 mA for satisfactory operation. The value of R 


"required for satisfactory operation is ...... ohms. : 
D1 
| ANN =o) 
R Ry 
R2 
vi Ry Vy 
20 TOV S100 D2 
E 
= ° on is 
Fig. A-21 Fig. A-22 


28. In the circuit of Fig. A.22, the diode states at the extremely large negative value of 
the input voltage u; are 


(a) D1 off, D2 off (6) D1 on, D2 off 
(c) Dt off, D2 on (d) D1 on, D2 on 
ANSWERS 
1. (a) 2. (b) 3. (a) 4. (0) 5. (b) 6. (d) : 
: % dd) - 8. (b) 9. (b) 10. (a) 11, 10mA,0 12. (d) : 
13. (c) 14, (0) 15. (b) 16. (2) 17. (d) 18. (b) t 
19. (©) 20. () 21. ©) 22. (d) 23. - 20V 24, (a) y 
28; (8) 26. 40 mA and 0.05 W 27, 802 28, (b) | 
THYRISTORS 5 
1 The number of p-n junctions in a thyristor is | 
5 a) 1 (6) 2 ; 
‘e) 3 (d) 4. ( 
2.'When anode is positive with respect to cathode in an SCR, the number of blocked p 


p-n junctions is 
(a) 1 (6) 2 
(ec) 3 (d) 4. 
4. In a thyristor, anode current is made up of 
(a) electrons only (6) electrons or holes 
(c) electrons and holes (d) holes only. 
5. A thyristor, when triggered, will change from forward blocking state to conduction 
state if its anode to cathode voltage is equal to 
(a) peak repetitive off-state forward voltage 


p-n junctions is 
(a) 1 (6) 2 
(c) 3 (d) 4 
8. When cathode is positive with respect to anode in an SCR, the number of blocked 
(b) peak working off-state forward voltage | 
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| (c) peak working off-state reverse voltage 
(d) peak non-repetitive off-state forward voltage. 

6.iAn SCR can be brought to forward conducting state with gate-circuit open when the 
applied voltage exceeds 
(a) the forward breakover Woltage: 

(6) reverse breakdown voltage 
(c) 15 V 
(d) peak non-repetitive off-state voltage. 

7. A conducting thyristor can be turned-off by ....(decreasing/increasing) the anode cur- 
rent...(below/above) the ...(latching/holding) current and applying a ...(reverse/for- 
ward/zero) voltage across the SCR for a short interval. 

8. In a thyristor, holding current is 
(a) more than latching current J, 

(6) less than I, 
(c) equal tol, ° ' 
(d) very small. 
9. When a thyristor gets turned on, the gate drive 
(a) should not be removed as it will turn-off the SCR 
(6) may or may not be removed 
(c) should be removed 
(d) should be removed in order to avoid increased losses and higher junction istaenite: 
10. For normal SCRs, turn-on time is 
(a) less than turn-off time, t, (®) more than ¢, 
(c) equal to ¢, ‘ (d) half of ¢,, 
11. The forward voltage drop during SCR on-state is 1.5 V. This voltage drop 
(a) remains constant and is independent of load current 
(6) increases slightly with load current 
(c) decreases slightly with load current 
(d) varies linearly with load current. 
12. During forward blocking state, a thyristor is associated with 
(a) large current, low voltage 
(6) low current, large voltage 
(c) medium current, large voltage 
({d} low current, medium voltage. 
13. In a thyristor, ratio of latching current to holding current is 


(a) 0.4 (o) 1.0 
(ce) 2.5 (d) 6.0. 
14. On-state voltage drop across a thyristor used in a 250-V supply system is of the order 
of 
{a} 100-110 V (@) 240-250 V 
(c} Ltol5V (d) 0.5 to1V. 


15. Once SCR starts conducting a forward current, its gate loses contre} over 
{ (a) anode circuit voltage only 
(b) anode circuit current only 
(c) anode circuit voltage and current 
(d) anode circuit voltage, current and time, 


te 
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16. 


JA 


18. 


In a thyristors 
(a) latching current /, is associated with turn-off process and holding current J,; with 


turn-on process 
(b) both J, and J, are associated with turn-off process 


{c) I}, is associated with turn-cff process and J, with turn-on process 
(d) both J, and Jy, are associated with turn-on process. 


The SCR ratings, di/df in A/jtsec and dv/dt in V/psec. may vary, respectively, be- 
_ tween 

(a) 20 to 500, 10 to 100 (6) both 20 to 500 

(c) both 10 to 100 (d) 50 to 300, 20 to 500. 

A thyristor can be termed as 

(a) DC switch (6) AC switch 

(ce) either(a) or (b) (d). square-wave switch. 


19, 


20. 


In a thyristor, the magnitude of anode current will 

(a) increase if gate current is increased 

(b) decrease if gate current is decreased 

(c) increase if gate current is decreased 

(d) not change with any variation in gate current. 

Static V-I characteristics of an SCR with different gate drives applied to the gate are 
indicated by 

(a) Igo > Igy > Leo (b) Veo > Vay > Vyo 

(c) Peo > Pe > Pro (d) either (a) or (5). 

Turn-on time of an SCR can be reduced by using a 


, (a) rectangular pulse of high amplitude and narrow width 


22, 


(b) rectarigular pulse of low amplitude and wide width 

(c) triangular pulse 

(d) trapezoidal pulse. 

Turn-cn time of an SCR in series with RL circuit can be reduced by 


‘ (a), increasing circuit resistance R 


23. 


24, 


25. 


26. 


(b) decreasing R 

(c) increasing circuit inductance L 

(d) decreasing L. 

For an SCR with turn-on time of 5 microsecond, an ideal trigger plas should have 
(a) short rise time with pulse width = 3 jisec 

(6) long rise time with pulse width =6 psec 

{c) short rise time with pulse width = 6 sec 

(d) long rise time with pulse width = 3 psec. 

A forward voltage can be applied to an SCR after its 

(a) anode current reduces to zero (b) gate recovery time 

(c) reverse recovery time (d) anode voltage reduces to zero. 

Turn-off time of an SCR is measured from the instant 

(a) anode current becomes zero (5) anode voltage becomes zero 

(c) anode voltage and anode current become zero at the same time 

(d) gate current becomes zero. 

Turn-on time for an SCR is 10 usec. If an inductance is inserted in the anode circuit, 
then the turn-on time will be 
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* (a) 10 psec _ (b+ less than 10 psec . 

(c) more than 10 psec (d) about 10 jasec. 

27. In an SCR, anode current flows over a narrow region near the gate during 
(a) delay time tz (b) rise time t, and spread time ¢, 

5 (c) ty and t, (d) ty and ¢,. 
28. Gate characteristic of a thyristor 


29. 


30. 


32. 


(a) is a straight line passing through origin 

(b) is of the type V,=a+6 1, 

(c) is a curve between V, and J, 

(d) has a spread between two curves of V, -I,. 

The average on-state current for an SCR is 20 A for a conduction angle of 120°. Its 
average on-state current for 60° conduction angle would be 

(a) 20 A (b) 10A 

(c) less than 20 A (d) 40 A. 

The average on-state current for an SCR is 20 A for a resistive load. If an inductance 
of 5 mH is included in the load, then average on-state current would be 

(a) more than 20 A (6) less than 20 A 

(c) 15A (d) 20 A. 

Specification sheet for an SCR gives its maximum rms on-state current as 35 A. This 
rms rating for a conduction angle of 120° would be 

(a) more than 385A (b) less than 35 A 


(c) 385A (d) 52.5 A. 


Surge current rating of an SCR specifies the maximum 
(a) repetitive current with sine wave 
(b) non-repetitive current with rectangular wave 


“(c)' non-repetitive current with sine wave 


33. 


34. 


35. 


36. 


(d) repetitive current with rectangular wave. 
The di/dt rating of an SCR is specified for its 


_ fa) decaying anode current (b) decaying gate current 
(c) rising gate current (d) rising anode current. 
For an SCR , du/dt protection is achieved through the use of 
(a) RL in series with SCR (6) RC across SCR 

' (c) Lin series with SCR (d) RC in series with SCR. 
For an SCR, di/d¢ protection is achieved through the use of 
(a) R in series with SCR (b) RL in series with SCR 
(c) L in series with SCR (d) L across SCR. 

The function of snubber circuit connected across an SCR is to 
(a) suppress dv/dt(b) increase du/dt 
{c) decrease du/dt(d) keep transient overvoltage at a constant value. 


37. 


38. 


The object of connecting resistance and capacitance across gate circuit is to protect 
the SCR gate against 

(a) overvoltages {b) du/dt 

(c) noise signals (d) overcurrents. 

Thermal resistance in SCRs has the units of..... (W/°C, or ohms m °C/W} and heat 
sinks are made from.....- (copper/steeV/aluminium). 
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39. Who string efficiency for n series/parallel connected SCRs is defined, in general, as 


| kn 


40. Practical way of obtaining static voltage equalization in series-connected SCRs is by 
the use of : 
(a) one resistor across the string 
(b) resistors of different values across each SCR 
(c) resistors of the same value across each SCR 
(d) one resistor in series with the string. 


41. For series connected SCRs, dynamic equalizing circuit consists of 
(a) resistor R and capacitor C in series but with a diode Dacross C 
(6) series R and D circuit but with C across R 
(c) series R and C circuit but with D across R 
(d) series C and D circuit but with R across ¢. 
42, For dynamic equalizing circuit used for series connected SCRs, the choice of C is based 
on , 
(a) reverse recovery characteristic 
(6) turn-on characteristics 
(c) turn-off characteristics 
(d) rise-time characteristics. 
43. In an UJT, with Vgg as the voltage across two base terminals, the emitter potential 


at peak point is given by 
(a) NV ap (b) nVp 
{c) nVpp+Vp (d) nVp+ Van. 
44. An UJT exhibits negative resistance region 
(a) before the peak point (b) between peak and valley points 
(c):,after the-valley point (d) both (a) and (c). 


45. In an UJT, maximum value of charging resistance is associated with 
(a) peak point 
(b) valley point 
(c) any point between peak and valley points 
(d) after the valley point. 
46. When an UJT is used for triggering an SCR, the waveshape of the voltage obtained 
from UJT circuit is a 
(a) sine wave (b) saw-tooth wave 
(c) trapezoidal wave (d) square wave. 
47. For an UJT employed for the triggering of an SCR, stand-off ratio n = 0.64 and de 
source voltage Vpp is 20 V. The UJT would trigger when the emitter voltage is 
(a) 12.8 V (b) 13.1V 
(c) 10 V (d) 5 V. 
48. An SCR can withstand a maximum junction temperature of 120°C with an ambient 
temperature of 75°C. If this SCR has thermal resistance from junction to ambient as 
| 1.5°C/W, the maximum internal power dissipation allowed is 
(a) 30 W (6) 60 W 
(c) 80 W (d) 50 W. 


Appendix 


555 


is 


50. 


51. 
52. 


53. 


54. 


55. 


66. 


In synchronized UJT triggering of an SCR, voltage v, across capacitor reaches UdT 
thresh-hold voltage thrice in each half cycle so that there are three firing pulses 
during each half cycle. The firing angle of the SCR can be controlled 

(a) once in each half cycle (b) thrice in each half cycle - 

(c) twice in each half cycle (d) four times in each half cycle. 

The function of connecting a zener diode in an UJT circuit, used for the triggering of 
SCRs, is to ' : 

(a) expedite the generation of triggering pulses 

(b) delay the generation of triggering pulses 

(c) provide a constant voltage to UJT to prevent erratic firing 

(d) provide a variable voltage to UJT as the source voltage changes. 

A metal oxide varistor (MOV) is used for protecting 

(a) gate circuit against overcurrents 

(b) gate circuit against overvoltages 

(c) anode circuit against overcurrents 

(d) anode circuit against overvoltages. 

The functions of connecting a resistor in series with gate-cathode circuit and a 
zener-diode across gate-cathode circuit are, respectively, to protect the gate circuit 
from 

(a) overvoltages, overcurrents (b) overcurrents, overvoltages 

(c) overcurrents, noise signals (d) noise signals, overvoltages. 

In a GTO, anode current begins to fall when gate current 

(a) is negative peak at time t=0 

(b) is negative peak at t = storage period t, 

(c) just begins to become negative at ¢= 0 

(d) is negative peak at t = (¢, + fall time). 

For a pulse transformer, the material used for its core and the possible turn-ratio 
from primary to secondary are, respectively, 


(a) ferrite ; 20:1 . (b) laminated iron ; 1:1 
(c) ferrite; 1:1 (d) powdered iron ; 1:1. 
The capacitance of a reverse biased junction of a thyristor is 20 picofarad. The 


charging current of this thyristor is 4 mA. The limiting value of e 18;..ate V/us. 


This question has five subquestions. Amongst the four alternatives provided, one or 
more are correct. Write down all the correct answers unambiguously. 
66.1. SCR can be turned on by 
(a) applying anode voltage at a sufficiently fast rate 
(6) applying sufficiently large anode voltage 
(c) increasing the temperature of SCR to a sufficiently large value 
(d) applying sufficiently large gate current. 
86.2. During forward blocking of two series connected SCRs, a theris’ th 
(a) high leakage impedance shares lower voltage 
(6) high leakage impedance shares higher voltage 
(c) low leakage impedance shares higher voltage 
(d) low leakage impedance shares lower voltage. 
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56.3. The circuit symbol for a GTO is 


tt 


1 (a) (b) (c) (d) 
56.4. Thyristors A has rated gate current of 2A and thyristor B a rated gate current 
of 100 mA. 
(a) A is a GTO and B is a conventional SCR 
(b) Bis a GTO and A is a conventional SCR 
(ec) A may operate as a transistor 
(d) B may operate as a transistor. 
56.5. A resistor connected across the gate and cathode of an SCR increases its 


(a) dv/dt rating (b) holding current 
(c) noise immunity (d) turn-off time. 
ANSWERS 

1. (c) 2. (a) 3. () 4. (c) 5. (b) 6. (a) 
". decreasing, below, holding, reverse 8. (d) 9. (d) 10. (a) 
ll. (6) 12. (0) 13. (c) 14. (c) 15. (c) 16. (c) 
17. (by 18. (a) 19. (d) 20. (a) 21. (a) 22. (d) 
23. (c) 24, (b) 25. (a) 26. (c) 27. (d) 28. (d) 
29. () 30. (a) 31. (c) 82, (c) 33. (d) 34, (b)' 
35. (c), 36. (a) 87. (c) 38. °C/W, Aluminium 
39. ‘See, the book 40. (c) 41. (c) 42. (a) 43, (c) 
44. (b) 45. (a) 46. (6) 47. (6) 48. (a) 49. (a) 
50. (c), 51. (d) 52. (6) 53. (b) 54. (c) 55. 200 
56.1 (a), (b), (©), (2) 56.2. (b),(2) 56.8. (b),(d) 56.4 (a),(c) 56.5. (a), (b), (c) 


ISTOR COMMUTATION TECHNIQUES 


1. For the citcuit shown in Fig. A.23, the conduction time for 
thyristor in microseconds is 


(a) 0,393 (6) 2.546 
{c) 25.133 (d) 8.0 

2. For the circuit in Fig. A.23, the capacitor voltage afterSCR + T 
gets self-commutated is sisi 4pF 
(a) 200 V (6) 400 V 16 pH 
(c) 300 V (d) 100 V = 


3. For the circuit shown in Fig. A.23, the voltage across 
thyristor, after it is self-commutated is Fig. A-23 
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(a) zero : (6) -15V 
{ce} - 200 V (d) ~ 400 V 
4. For the circuit in Fig. A.23, the peak thyristor current is 
(a) 100A (b) 50A 
(c) 400A (d) 800A 


_ 5. In the circuit of Fig. A.24, the maximum value of current through thyristors T1 and 


. TA can respectively be 


Vv, V, fe 
@eRtYeNe 
Vv, a{€ al 
ORIN NT 
fe 
) VNTR 


@ “Vv Ne 
R’ & NL Fig. A-24 


6. For the circuit shown in Fig. A.24, peak value of resonant current is twice the load 


current. In case V, = 200 V, the magnitude of voltage across main thyristor, when it 
gets turned-off, is ...... Vv. 


4. For the circuit in Fig. A.24, the peak value of current through auxiliary SCR is twice 


that through the main SCR. In case V, = 100 V,C = 10yF and load current = 40 A, 


. the circuit turn-off time for main SCR is ...... microsecond. 
8. In the circuit of Fig. A.25, C is charged to V, with polarity as shown. Tick the correct 


statement/statements from the following : % 
(a) In order to turn-off T1, turn on T2 
(b) In order to turn-off T2, turn on T1 


‘(c) At the time of turn on of SCR, initial thyristor current is V, ze +R 
\ 1 2 


. (d) At the time of turn on of SCR, initial thyristor current is V, R + R 
1 42 


Fig. A-25 Fig. A-26 


9. In the circuit shown in Fig. A.25, Ry = 50.Q, Ry = 100 Q and V, = 100 V. The possible 


peak values of current through T1 is ...... A and through T2 is ...... A. 


10. In the circuit shown in Fig. A.26, V,=200 V, C=4pF,2=16 pH and R =20Q. The 


peak value of current through T1 and D can respectively be 
(a) 110 A, 100A 

(b) 10 A, 110 A 

(c) 110A, 10 A 

(d) 100 A, 110A 
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11. In the circuit of Fig. A.26, and for the parameters 
given in Prob 10, the circuit turn-off time for main 


and auxiliary thyristors are respectively ...... us and 1 
Peres HS. ’ i 4 
12. In the circuit configuration shown in Fig. A.27, the -. 1 TA 
circuit turn-off time for main thyristor is 34.657 ps. ee 
The value of capacitor C required in this circuit is ...... Fig. A-27 
uF. 
13. Match the two sides. ' 
Type of commutation y Power Circuit Diagram 
+ 
‘ Ry Ry 
(A) Self-commutation Mm | c 
% fp 
T2 


(B) Complementary commutation 


(C) Impulse commutation 


(D) Resonant-pulse commutation (4) |“ 


ANSWERS 
1.) 2. (6) 3. (c) 4. (@) 
7. 21.65 8. @),© 9.4A,5A —-10. (@) 


18. A74,B31,C33,D 2. 


Cc Load 


5. d) 6.173.2V 
11. 80, 12.566 12.5 
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PHASE CONTROLLED RECTIFIERS 


L 


A single-phase half-wave controlled rectifier has 400 sin 314 ¢ as the input voltage 
and FR as the load. For a firing angle of 60° for the SCR, the average output voltage 
is 

(a) 400/x (6) 300/n 

(c) 240/x (d) 200/n. 


. A single-phase one-pulse controlled circuit has resistance and counter emf load and 


400 sin 314 ¢ as the source voltage. For a load counter emf of 200 V, the range of 
firing angle control is 
(a) 30° to 150° (6) 30° to 180° 


{c). 60° to 120° (d) 60° to 180° 
. In a single-phase half-wave circuit with RL load, and a freewheeling diode across the 


load, extinction angle B is more than n. For a firing angle a, the SCR and freewheeling 
diode would conduct, respectively, for 


(2) r-a,B (b) B-0, 7-0 
(c) n-a,B-K (d) xn-a,n-B. 
In a single-phase one-pulse circuit with RL load and a freewheeling diode, extinction 


angle B is less than x. For a firing angle a, the SCR and freewheeling diode would, 
respectively, conduct for 


(a) B-a, 0° (6) x-a,n~-B 

(c) a, B-o (d) B-a, a. 

‘A single-phase full-wave mid-point thyristor converter uses a 230/200 V transformer 
with center tap on the secondary side. The P.I.V. per thyristor is 

(z) 100 V (6) 141.4V ‘ 

(cy 200 V (d) 282.8 V. 

. A single-phase two-pulse bridge converter has an average output voltage and power 


output of 500 V and 10 kW respectively. The SCRs used in the two-pulse bridge 
converter are now re-employed to form a single-phase two-pulse mid-point converter. 
This new controlled converter would give, respectively, an average output voltage and 


" power output of 


(a) 500 V, 10 kW (6) 250 V, 5 kW 

(c) 250 V, 10 kW (d) 500 V, 5 kW. 

In a single-phase full converter bridge, the average output voltage is given by 
1p" y, cos od es eae d 

a) a = ‘mm COS Od @ os o 7m 008 @-d6 
1 fee 1 ioe 

(ec) = V,, cos 8-d 8 (d) = V,, cos 8-d 6 

Os a-(n/2) ™ T"¢n2y-1 

. In a single-phase semiconverter, the average output voltage is given by 

1 f 1 m/2) + 

a}—Jj V,,cos@-d6 (6) if V,, c08 8-d @ 

: Rio Th" (n/2)-0 
Lf? 1 

wf" V,, cos @-d 0 @ = V,, cos 8-20 

nam ™ 4 ee ™ 


. In a single-phase full converter, for continuous conduction, each pair of SCRs conduct 


for 
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11. 


12. 


13. 


14. 


15 


16. 


1%. 


he. 


20. 


{a) n-a (6) % 
(c) @ (d) m+a. 


. In a single-phase full converter, for discontinuous Joad current and extinction angle 


> 7, each SCR conducts for 

(a) @ : (6) B-a@ 

(c) B : (d) +8 - 

In a single-phase semi-converter, for continuous conduction, each SCR conducts for 
(a) o (b) & 

(c) a+ ‘ (d) n-& 

In a single-phase semiconverter, for discontinuous conduction and extinction angle 
B > 1, each SCR conducts for 

(a) n-@ (6) B-a@ 

{c) a (d) B. 

In a single-phase semiconverter, for discontinuous conduction and extinction angle 
B <1, each SCR conducts for 

(a) m-a (b) B-@ 

(c) @ a] (d) B 

In a single-phase semiconverter, for continuous conduction, freewheeling diode con- 
ducts for ; 

(a) @ (b) r-&@ 

(c) & (d) m+0 

In a single-phase semiconverter, with discontinuous conduction and extinction angle 
B > n, freewheeling diode conducts for 

(a) o (b) B-« 

(c) t+0 (d) B. 

In a single-phase semiconverter, with discontinuous conduction and extinction angle 
B <x, freewheeling diode conducts for 

(a) a (6) x-B 

(c) B-% (d) zero degree. 

In a single-phase full converter, if « and B are firing and extinction angles respective- 
ly, then the load current is 

(a) discontinuous if (B-«)< (6) discontinuous if P-a) > 

(c) discontinuous if (B - a) =% (d) continuous if (B - 0) < x. 

In a single-phase full converter with resistive ]oad and for a firing angle a,the load 
current is zero and non-zero, respectively, for 

(a) a,n-a (b) n-G, a 

(c) a,n+a @) a,%. 

In a single-phase semiconverter with resistive load and for a firing angle a, each SCR 
and freeweeling diode conduct, respectively, for 

(a) a, 0° (6) x-a,0 

(c) m+, (d) x-a, 0°. 

In controlled rectifiers, the nature of load current, i.e. whether load current is con- 
tinuous or discontinuous 

(a) does not depend on type of load and firing angle delay 

(b) depends both on the type of load and firing angle delay 

(c) depends only on the type of load 

(d) depends only on the firing angle delay. 
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| 21. 


22. 


23. 
24, 


25. 


26. 


27, 


28. 
29. 


30. 


3t. 


32. 


In a single-phase full converter, if output voltage has peak and average values of 325 
V and 133 V respectively, then the firing angle is 

(a) 40° : (b) 140° 

(c) 50° : (d) 130°. 

In a single-phase semiconverter, if output voltage has peak and average values of 325 
and 133 V respectively, the firing angle is 


(a) 40° (b) 140° 

(c) 73.40° (d) 80°. 

Each diode of a 3-phase half-wave diode rectifier conducts for 

(a) 60° (6) 120° 

(c) 180° (d) 90°. 

Each diode of a 3-phase, 6-pulse bridge diode rectifier conducts for 
(a) 60° (b) 120° 

{e) 180° . (d) 90°. 


In a 3-phase half-wave diode rectifier, if per phase input voltage is 200 V, then the 
average output voltage is 

(a) 233.91 V (b) 116.95 V 

(c) 202.56 V (d) 101.28 V. 

In a 3-phase half-wave diode rectifier, the ratio of averse output voltage to per-phase 
maximum ac voltage is 

(a) 0.955 (b) 0.827 

(ec) 1.654 (d) 1.169. 

For a 3-phase, six-pulse diode rectifier, the average output voltage in terms of max- 
imum value of line valtage V,, is 


Vn 
@) Sy, ) Sve 
©) 28 y, @ By, Vn 


Ina hus half-wave rectifier, de output voltage is 230 V. The peak inverse voltage 
across each diode is 

(a) 481.7 V (6) 460 V 

(c) 345 V (d) 230 V. 

In a 3-phase full-wave diode rectifier, the peak inverse voltage in terms of average 
output voltage is 

(a) 1.571 (6) 0.955 

{c) 1.047 (d) 2.094. 

In a 3-phase half-wave diode rectifier, if V,, is the maximum value of per phase 
voltage, then each diode is subjected to a peak inverse voltage of 

(a) Vin (b) V3 Vin 

(c) 2V,, (d) 3V,,. 

In a 3-phase full-wave diode rectifier, if V,, is the maximum value of line voltage, 
then each diode is subjected to a peak inverse voltage of 

(a) V,, (b) V3 V,, 

{c) 2Vin (d) 3V,, 

In a 3-phase full-wave diode rectifier, if V is the per phase input voltage, then average 
output voltage is given by 
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———— 
(a) 0.955 V (6) 1.35 V 
(c) 2.34 V (d) 3V. 

"33. A converter which can operate in both 3-pulse and 6-pulse modes is a ‘ 
(a) 1-phase full converter (6) 3-phase half-wave converter 
(c) 3-phase semiconverter (d) 3-phase full converter. 

34. In a 3-phase semi-converter, for firing angle less than or equal to 60°, each thyristor 


35. 


36. 


37. 


» 38, 


39. 


40. 


41 


42. 


43. 


44 


an diode conduct, respectively, for 

(a) 60°, 60° (8) 90°, 30° 

(c) 120°, 120° (d) 180°, 180°. 

In a 3-phase semiconverter, for firing angle less than or equal to 60°, freewheeling 
diode conducts for 

(a) 30° (6) 60° 

(c) 90° (d) zero degree 

In a 3-phase semiconverter, for a firing angle equal to 90° and for continuous conduc- 
tion, each SCR and diode conduct, respectively, for 

(a) 30°, 60° {b) 60°, 30° 

(c) 60°, 60° (d) 30°, 30°. 

In a 3-phase semiconverter, for a firing angle equal to 90° and for continuous conduc- 
tion, freeweeling diode conducts for 

(a) 30° {b) 60° 

(ec) 90° (d) zero degree. 

In a 3-phase semiconverter, for firing angle equal to 120° and extinction angle equal 
to 110°, each SCR and diode conduct, respectively, for 

(a) 30°, 60° {b) 60°, 60° 

(c) 90°, 30° (d) 110°, 30°. 

In a 3-phase semiconverter, for firing angle equal to 120° and extinction angle equal 
to 110°, freewheeling diode conducts for 

(a) 10° (b) 30° 

(c) 50° (d) 110°. 

Ih a 3-phase semiconverter, for firing angle equal to 120° and extinction angle equal 
to 100°, none of the bridge elements conduct for 

(a) 10° (6) 20° 

(c) 30° (d) 60°. 

A 3-phase semiconverter can work as 

(a) converter for a=0°to 180° (b) converter for «= 0° to 90° 

(c) inverter for ~=90° to 180° = (d) inverter for « = 0° to 90°. 

In a 3-phase semiconverter, the three SCRs are triggered at an interval of 


(a) 60° (6) 90° 

(c) 120° ({d) 180°. 

In a 3-phase full converter, the six SCRs are fired at an interval of 
(a) 30° {b) 60° 

{e) 90° (d) 120°. 


In a 3-phase full converter, three SCRs pertaining to one group are fired at an interval 
of 

(a) 30° (6) 60° 

(c) 90° (d) 120°. 
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47, 


48 


49 


For a single-phase phase-controlled rectifier, with a freewheeling diode across the 
load, , 

(a) the instantaneous output voltage ug is always positive 

(b) ug may be positive or zero i 

(c) vg may be positive, zero or negative 

(d) vo is always zero or negative. , 

The frequency of the ripple in the output voltage of a 3-phase semiconverter depends 
upon 

(a) firing angle and load resistance 

(b) firing angle and load inductance 

(c) the load circuit parameters 

(d) firing angle and the supply frequency. 


In a single-phase full converter, if load current is J and ripple free, than average 
thyristor current is 
1 1 
(a) 2 I (b) 3 I 
1 
() 4 I (d) I. 


In a 3-phase full converter, if load current is I and ripple free, then average thyristor 
current is 


(2) ii () q! 


© dt @ I. 


The effect of source inductance on the performance of single-phase and three-phase 
full converters is to 

(a) reduce the ripples in the load current 

(b) make discontinuous current as continuous 

(c) reduce the output voltage 


. (d) increase the load voltage. 


50. 


51. 


52. 


In a single-phase full converter, the number of SCRs conducting during overlap is 
(a) 1 {b) 2 

(ce) 3 (d) 4. 

In a single-phase full converter, the output voltage during overlap is equal to 
{a) zero 

(b) source voltage 

(c) source voltage minus the inductance drop 

(d) inductance drop. 

In a 3-phase full converter, the output voltage during overlap is equal to 

(a) zero 

(6) source voltage 

(ec) source voltage minus the inductance drop 

(d) average value of the conducting-phase voltages. 


. The total number of SCRs conducting simultaneously in 3-phase full converter with 


overlap considered has the sequence of 
(a) 3, 3, 2,2 {b) 3, 3, 3, 
(c) 3, 2, 3,2 (d) 2, 2, 2,3. 
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54, A 3-phase full converter has an average output voltage of 200 V for zero degree firing 
angle and for resistive load. For a firing angle of 90°, the output voltage would be 
(a) zero (6) 50 V 
{c) 100 V ! (d) 26.8 V. 
55. A four quadrant operation requires ; 
(a) two full converters in series : 
(b) two full converters connected back to back 
(c) two full converters connected in parallel 
(d) two semiconverters connected back to back. 
56. In a 3-phase full converter, the output voltage pulsates at a frequency equal to 


(a) supply frequency, f (6) 2f 
(c) 3f (d) 6Ff. 
57. In circulating-current type of dual converter, the nature of voltage across reactor is 
(a) alternating (6) pulsating 
{c) direct (d) triangular. 


58. The peak inverse voltage in ac to de converter systems is highest in 
(a) single-phase full’ wave mid-point converter 
(b) single-phase full converter 
(c) 3-phase bridge converter 
(d) 3-phase half-wave converter. 
59. The three-phase ac to de converter which requires neutral point connection is 
(a) 3-phase semiconverter (b) 3-phase full converter 
(c) 3-phase half-wave converter (d) 3-phase full converter with diodes. 
60. This question has five subuestions. Amongst the four alternatives provided, one or 
more are correct. Write down all the correct answers unambiguously. 
60.1. A 3-phase full converter can function as 
(a) converter for a = 0° to 180° 
(b) converter for a= 0° to 90° 
(c) inverter for 0 = 90° to 180° 
(d) inverter for & = 0° to 90°. 
60.2. In a 3-phase full converter, the number of SCRs working during overlap is 
(a) 1 from positive group, 1 from negative group 
(b) two from positive group, 1 from negative group 
(c) 1 from positive group, 2 from negative group 
(d) 2 from positive group, 2 from negative group. 
60.3. In a 3-phase semiconverter, frequency of the ripple in the output voltage may 
be 
(a) 3 times the supply frequency f for firing angle o < 60° 
(6) 3 f for a > 60° 
(ec) 6 f for a < 60° 
(d) 6 f for a > 60°. 
60.4. In a dual converter, converters 1 and 2 work as under : 
(a) 1 as rectifier, 2 as inverter 
(b) 1 as inverter, 2 as rectifier 
(c) both as rectifiers 
(d) both as inverters. 


a 
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60.5. For the same ac voltage and load impedance which of the following statements 
| about rectifiers are correct ? 
(a) The,average load current in a full-wave rectifier is twice that in a half wave 
rectifier : 
(b) The average load current in a full-wave rectifier is m times that in a 


co 


with 50 Hz supply 


Yo 


half-wave rectifier 

(c) Half-wave rectifier will have bigger sized transformer compared to full- 
wave rectifier 

(d) Half-wave rectifier will have a smaller sized transformer compared to a 
full-wave rectifier. 

61. This question contains four sub-questions each having two columns. Match every item 
on the left side with the most appropriate item on the right side. Give your answers 
as shown in the example below : 

Example. (A)-(P) - (B)-Q) 
(C)-(R) (@)+(S). 
ae : 
| 61.1. Single-phase full converter Output voltage waveforms 


(A) R-C (parallel) load 


(P) 0 , 
| : ne oe 
; (B) Continuous conduction ss : : { H 
mode ‘ (Q) : H H H 
10 20 30 40 t(ms) 
% é; 
(R) ' ! ! 
(C) Resistance load X ~ 
0 } 0 t(ms) 
Yo H H 
(Ss) 4 . ? + 
Ps if H 
(D) Inverter mode. 10 20 30 40 tims) 
61.2. Controlled rectifiers Output voltage expressions 
3V, 
(A) 1-phase full converter (P) al (1 + cos a) 
F 2Vn 
(B) 1-phase semiconverter (Q) cose 


: V, 
; (C) 3-phase half-wave converter  (R) a (1+cos a) 


(D) 3-phase semiconverter (S) a V,,, COS O 
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61.3. 50-Hz system measurements : Waveforms 
7 (A) Voltage across an R-C (P) 
(parallel) load connected 


through a full-wave bridge . v 7 ms)” 
(B) Instantaneous power (Q) : i : 

consumed by a resistor. i tm 3) 
(C) Output voltage of a (R) ‘ ' i 

positive clamped circuit. H Y toms) 


(D) Instantaneous power (S) 
consumed by an R-L circuit. 


— 
4(ms) 


* 61.4; Controlled rectifiers with 50 Hz supply Output voltage waveforms 
(A) 1-phase full converter with (P) y i 
Oo 


source inductance \VoVaVaN aN 
[+—* 20 30 ttms) 
: f 


(B) 3-phase full converter 


(C) 3-phase semiconverter 


(D) 3-phase half-wave converter. (S) 


ANSWERS 

1. @) 2. (@) 3. (c) 4. (@) 5. (d) 6. (b) 
1. () 8. (c) 9. (b) 10. (6) 11. (d) 12. (@) 
13. (b) 14. (2) 15. (b) 16. (d) 17. (@) 18. (2) 
19, (d) 20. (b) 21; () 22, () 28, (b) 24. (b) 
25. (2) 26. (6) 27. () 28. (a) 29. (c) 30. (b) 
31. (@) 32. (c) 33. () 34. () 35. (d) 36. (c) 
87. (@) 38. (0) 39. () 40. (b) 41. (a) 42. (c) 
43, (b) 44, (d) 45. (b) 46. (d) 47. (a) 48. (6) 
49. (c) 50. (2) 51. (2) 52. (d) 53. (c) 54. (d) 


55. (6) 56. (d) 57. (a) 58. (a) 59. {(c) 
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a. (6), () 60.2. (6), (c) 60.3. (6), (c) 60.4. (a), (6) 60.5. (a), (d) 
61.1, (A)-(S) ; (B)-(R) ; (€)-(Q) ; (D)-(P) 61.2. (A)-(Q) ; (B){R) ; (C)-(S) ; (DP) 
61.3. (A)-(P) ; (B){R) ; (C)-(Q) ; (D)-(S) _ 814. (AMR); BS); (C)-(Q) ; (D(P). 


CHOPPERS 


1, 


6. 


10. 


.In the circuit shown in Fig. A-28, 2=5uH and 


In de choppers, if T,, is the on-period and f is the chopping frequency, then output 
voltage in terms of input voltage V, is given by 
(a) V, - Ton/f : (b) V,-f/T,, 
(c) V,/f> Ton (d) V,-f-T, 


. In de choppers, the waveforms for input and output voltages are respectively 


(a) discontinuous, continuous (6) both continuous 

(c) both discontinupus_. (d) continuous, discontinuous. 

In PWM method of controlling the average output voltage in a chopper, the on-time 

is .....(varied/kept constant) but the chopping frequency is....(varied/kept constant). 

= FM method of controlling the average output voltage in a chopper, chopping period 
..(varied/kept constant) but on-time is....(varied/kept constant) or off-time 
"__(varied/kept constant). 

For type-A chopper, V, is the source voltage, R is the load resistance and ois the duty 

cycle. The average output voltage and current for this chopper are respectively 

(a) aV,, a: (V,/R) (b) (1- «a V,, (1 - a) V,/R 

(c) V,/a, V,/oR . (d) V,/-@), V,/ - OR. 

A chopper has V, as the source voltage, R as the load resistance and « as the duty 

cycle. For this chopper, rms value of output voltage is 

(a) av, (b) Ya-V, : 

(c) V,/va (d) Vi-a-V,. 


. For a chopper, V, is the source voltage, R is the load resistance and « is the duty 


cycle. Rms and average values of thyristor currents for this chopper are 


V, Y, Vv,  Y, 
Wee oo, By fy .—% 
(a) a Re ve R (b) Ya - ae R 
Vv, _V, ‘ - Vs 
(c) Vo BOR (d) Vi=a- 71-0) VR. 
. In de choppers, per unit ripple is maximum when duty cycle a is 
{a) 0.2 (b) 0.6 
{e) 0.7 (d) 0.9. 


C=20uF. C is initially charged to 200 V. After the —o- a 
switch S is closed at tf = 0, the maximum value of cur- 


rent and the time at which it reaches this value are, a it Gos al 
respectively, sac } is 
(a) 400 A, 15.707 us (6) 50 A, 30us | a 5 
fe) 100 A, 62.828 ps (d) 400 A, 31.414 us. eT oe ae a 
A voltage commutatcd chopper has the following Fig. A-28 
parameters : 


1 
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Ve= 200 V, Load circuit parameter ; 1, 2 mH, 50 V 
‘ Commutation circuit parameters, L = 25 pH, C = 50pF 
T,, =500 ps, T= 2000 ps 


For a constant load current of 100 A, the effective on period and peak current through 
the main thyristor are respectively ' 
(a) 1000 us, 200 A (b) 700 ps, 382.8 A 
(c) 700 ps, 282.8 A ({d) 1000 ps, 382.8 A. 

11. For the voltage-commutated chopper of Prob. 10, the turn-off times for main and 
auxiliary thyristors are, respectively, 
(a) 120 ps, 60 ps (6) 100 ps, 0.5 ps 
(c) 120 hs, 55 ys (d) 100 ps, 55.54 ps. 

12. In the current-commutated chopper shown in Fig. A-29, thyristor T1 is conducting a 
load current. When thyristor TA is turned off with capacitor polarity as shown the 
capacitor current i, would flow through....(thyristor TI/diode D1), because.......... 


Fig. A-29 

13., A load commutated chopper, fed from 200 V dc source, has a constant load current of 
50 A. For a duty cycle of 0.4 and a chopping frequency of 2 kHz, the value of 
commutating capacitor and the turn-off time for one thyristor pair are respectively 
(a) 25 pF, 50 ys (6) 50 pF, 50 ps 

. (c)- 25 pF, 25 ps .  (d) 50 pF, 25 ps. 

14. A dc battery is charged from a constant de source of 200 V through a chopper. The 
de battery is to be charged from its internal emf of 90 to 120 V. The battery has 
internal resistance of 1. For a constant charging current of 10 A, the range of duty 
cycle is......t0...... 

15. For type-A chopper ; V,, R, Ip and o are respectively the de source voltage, load resis- 
tance, constant load current and duty cycle. For this chopper, average and rms values 
of freewheeling diode currents are 


(a) ag, Va «Ip (b) (1-a) Ig, VI- 0 - Ip 
(c) a- V,/R, Va V,/R (d) (1-0) Ip, Va «Io. 


16. A step-up chopper has V, as the source voltage and o as the duty cycle. The output 
voltage for this chopper is given by 
(a) V, (1+) (6) V,/1 - 
(c) V,(1-@) (d) V,/(1 +). 
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17. A dc chopper is fed from 100 V de. Its load voltage consists of rectangular pulses of 
duration 1 msec in an overall cycle time of 3 msec. The average output voltage and 
ripple factor for this chopper are respectively 
(a) 25 V,1 (6) 50V,1 (c) 38.33 V, V2 (d) 33.38 V, 1 

18. When a series LC circuit is connected to.a dc supply of V volts through a thyristor, 
then the peak current through thyristor is 


(a) V- VLC (b) V/NCL 
‘(c) V-VC/E (d) V-VE/C 
19. For the arrangement shown in Fig. A-30, the 
circuit is initially in steady state with thyris- ¢ sour t 


tor T off. After thyristor 7 is turned on, the 
. peak thyristor current would be 


(a) 2A (b) 22.4 700V 0.01H 
(c) 40 A (d) 42 A. 
R=1000 
20. In type-A chopper, source voltage is 100 V dc, 
on-period = 100 ps, off-period = 150 ps and 
load RLE consists of R=2Q, L = 5 mH, E = - 
10 V. For continuous conduction, average out- Fig. A-30 
put voltage and average output current for this chopper are respectively: 
(a) 40 V, 15 A (b) 66.66 V, 28.33 A 
(c) 60 V, 25 A (d) 40 V, 20 A. 
21. Refer to the circuit in Fig. A-31. The maximum current in the main SCR M can be 
‘  * (a) 200 A (6) 170.7 A 
(ce) 141.4A (d) 70.7 A. 


Fig. A-31 

22, Refer to the circuit in Fig. A-31. The maximum turn-off time of the main SCR M to 
ensure its proper commutation, in 1s, is 
(a) 2n (b) 4x (c) 6x (d) 8x 

23. This question has two subquestions. Amongst the four alternatives provided, one or 
more are correct. Write down all the correct answers unambiguously. 

23.1. In de choppers, if T is the chopping period, then output voltage can be controlled by 

PWM by varying 
(a) T keeping T,,, constant () T., keeping T constant 
(c) Tyg keeping T constant (d) T keeping T,¢ constant. 
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23.2. In de choppers, for chopping period T, the output voltage can be controlled by FM by 


varying 
| ia) T keeping T,,, constant (b) T keeping Toy constant 
(c) T,, keeping T constant (d) Ty keeping T constant. 


24. This question contains two subquestions, each having two columns. Match every item 
on the left side with the most appropriate item on the right side. Give your answers 
as shown in the example below : 

Example. (4)-(P) ; (B)-(Q) ; (C)-(®) ; (D)-(S). 
24.1. Chopper configurations : Output Voltage Waveforms 


Yo 
ve 
(Pp) * 
(A) Voltage-commutated chopper O 
t 
wf 


1—____ 
2V5 

“4 (a) “* 

(B) Load-commutated chopper oO a 

7——______+| t 
Yo 
tr) * 
(C) Current-commutated chopper ° 5 


Yo 


v 


T t 
2V5 
(s) NN 
(D) Ideal de chopper 
° 
het: —el ‘ t 


24,2. Types of choppers Circuit Configurations 


(A) Type-A chopper 


(B) Type-B chopper 
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i | 


(C) Type-C chopper aR) 
(D) Type-D chopper (s) 5 
Hy 
' 
1. @) 2. (d) 3. varied, kept constant 
4. varied, kept constant, kept constant 5. (a) 6. (b) 7. (c) 
8. (6) 9. (a) 10. (6) 11. @) 
12. Thyristor T1, diode D1 is reverse biased by a voltage drop of about 1.5 V across conducting 
thyristor T1. 
13. (a) 14. 0.5 to 0.65 15. (6) 16. (b) 17. (c) 
18. (c) 19. (b) 20. (a) 21. (6) 22. (d) 23.1. (0), (c) 


28.2. (a), (6) 24.1. (AH(Q); BHS); CP); DR) 
24.2. (A(R) ; (BY-(P) ; (CS) ; (D)4Q). 


1. If, for a single-phase half-bridge inverter, the amplitude of output voltage is V, and 
the output power is P, then their corresponding values for a single-phase full-bridge 


inverter are 
(a) V,, P (6) V,/2, P/2 
(c) 2V,, 2P (d) 2V,, P. 


2, In voltage source inverters 
(a) load voltage waveform uy depends on load impedance Z, whereas load current i 


waveform i, does not depend on Z 
(6) Both vg and ig depend on Z 
(c) v9 does not depend on Z whereas ig depends on Zz 
(d) both vy and iy do not depend upon Z. 
3. A single-phase full bridge inverter can operate in load-commutation mode in case load 


consists of 
(a) RL (6) RLC underdamped 
(c) RLC overdamped (d) RLC critically damped. 
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4. A single-phase bridge inverter delivers power to a series connected RLC load with 
nn) R=2Q,0L=82Q. For this inverter-load combination, load commutation is possible 

in case the magnitude of 1/wC in ohms is : 
{a} 10 (b) 8 
fe) 6 (d) zero. 

5. In the half-bridge inverter of Fig. A-32, main thyristor T1is conducting a joad current. 
With polarity of the capacitor voltage as shown, when auxiliary thyristor TA1 is 
turned on, capacitor current i, would flow through (thyristor T1/diode D1) because.... 


a b 
Fig. A-32 Fig. A-33 
For a 3-phase bridge inverter in 180° conduction mode, Fig. A-33, the sequence of 
SCR conduction in the first two steps, beginning with the initiation of thyristor 1, is 
‘ (a) 6, 1, 2 and 2, 3, 1 (b) 2, 8, 1 and 3, 4, 5 ” 
(c) 3, 4, 5, and 5, 6, 1 (d) 5, 6, 1 and 6, 1, 2. 
7. For a 3-phase bridge inverter in 120° conduction mode, Fig. A-33, the sequence of 
‘-” SOR conduction in the first two steps, beginning with the initiation of thyristor 1, is 
(a) 6, 1 and 1, 2 (6) 1, 2 and 2,3 
(c) 1, 6 and 5, 6 (d) 1, 8 and 3, 4. 
8. In single-pulse modulation of PWM inverters, third harmonic can be eliminated if 
pulse width is equal to 
(a) 30° (b) 60° 
(ec) 120° ; (d) 150° 
9.'In single-pulse modulation of PWM inverters, fifth harmonic can be eliminated if 
pulse width is equal to 
(a) 30° (b) 72° 
(c) 36° (d) 108°. 
10. In single-pulse modulation of PWM inverters, the pulse width is 120°. For an input 
voltage of 220 V de, the r.m.s. value of output voltage is 
(a) 179.63 V (6) 254.04 V 
(ec) 127.02 V (d) 185.04 V. 
11. In single-pulse modulation used in PWM inverters, V, is the input de voltage. For 
eliminating third harmonic, the magnitude of rms value of fundamental component 
of output voltage and pulse width are respectively 


¢ 


6. 


4v, 
(a) ne V,, 120° (6) —, 60° 
v, 
ave (a) ***, 120°, 


{e) ae V,, 60° z 
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13. 


14. 


15 


12, In multiple-pulse modulation’ used in PWM inverters, the amplitudes of reference 


square wave and triangular carrier wave are respectively 1 V and 2 V. For generating 
5 pulses per half cycle, the pulse width should be 

(a) 36° (6) 24° 

(c) 18° (d) 12°. 

In multiple-pulse modulation used in PWM inverters, the amplitude and frequency 
for triangular carrier and square reference signals are respectively 4 V, 6 kHz and 1 
V, 1 kHz. The number of pulses per half cycle and pulse width are respectively 


(a) 6, 90° (b) 3, 45° 
(c) 4, 60° ({d) 3, 40°. 
In sinusoidal-pulse modulation used in PWM inverters, amplitude and frequency for 


triangular carrier and sinusoidal reference signals are respectively 5 V, 1 kHz and 1 
V, 50 Hz. If zeros of the triangular carrier and reference sinusoid coincide, then the 


. modulation index and order of significant harmonics are respectively 


(a) 0.2, 9 and 11 (6) 0.4, 9 and 11 

(c) 0.2, 17 and 19 (d) 0.2, 19 and 21. 

Which of the following statement/statements is/are correct in connection with in- 
verters: 

(a) VSI and CSI both require feedback diodes 

(b) Only CSI requires feedback diodes 

(c) GTOs can be used in CSI 


. (d) Only VSI requires feedback diodes. 
16. 


‘17, 


In a CSI, if frequency of output voltage is f Hz, then frequency of voltage input to CST 
is , 
(a)f (b) 2f 

. ©) f/2 @) 3f. 


In sinusoidal-pulse modulation used in PWM inverters, amplitude and frequency of 
triangular carrier and sinusoidal reference signals are respectively 5 V, 1 kHz and 1 
V, 50 Hz. If peak of the triangular carrier coincides with the zero of the reference 


' sinusoid, then the modulation index and order of significant harmonics are 


18. 


19. 


20. 


(a) 0,2, 9 and 11 (6) 0.4, 9 and 11 

{c) 0.2, 17 and 19 (d) 0.2, 19 and 21. 

In sinusoidal PWM, there are ‘m’ cycles of the triangular carrier wave in the half 
cycle of reference sinusoidal signal. If zero of the reference sinusoid coincides with 
zero/peak of the triangular carrier wave, then number of pulses generated in each 
half cycle are respectively 

(a) (m-1)/m (b) (m-1)/(m - 1) 

(c) m/m (d) m/(m - 1). 

In an inverter with fundamental output frequency of 50 Hz, if third harmonic is 
eliminated, then frequencies of other components in the output voltage wave, in Hz, 
would be 

(a) 250, 350, 450, high frequencies 

(b) 50, 250, 350, 450 

(c) 50, 250, 350, 550 

({d) 50, 100, 200, 250. 

A single-phase CSI has capacitor C as the load. For a constant source current, the 
voltage across the capacitor is 


eA 
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(a) square wave (6) triangular wave 
(c) step function (d) pulsed wave. 

t A single-phase full bridge VSI has inductor L as the load. For a constant source 
voltage, the current through the inductor is 


(a) square wave ' (6) triangular wave 
(ce) sine wave : (d) pulsed wave. 
ANSWERS 

1. (©) 2. (c) : 3. (0) 4. (2) . 
5. thyristor T1, diode D1 is reverse biased by the voltage drop across T1 
6. (d) 4. (a) 8. (c) 9. (b) 10. (a) 11, (a) 
2. (¢) 13. (6) 14. () 16. (d) 16. (5) 17. (d) 
8. (a) 19. (c) 20. (6) 21, (b) 


SINGLE-PHASE VOLTAGE CONTROLLERS 


n 


1. A single-phase voltage controller feeds an induction motor (A) and a heater (B) 
(a) In both the loads, fundamental and harmonics are useful 
(6) In A only fundamental and in B only harmonics are useful 
(c) In A only fundamental and in B harmonics as well as fundamental are useful 
(d) In A only harmonics and in B only fundamental are useful. 

2. A load resistance of 10 Q is fed through a 1-phase voltage controller from a voltage 
source of 200 sin 314 ¢. For a firing angle delay of 90°, the power delivered to load in 
kW, is 
(a) 0.5 ‘ (b) 0.75 
(c) 1 (d) 2. 

3. A single-phase voltage controller is employed for controlling the power flow from 260 
V, 50 Hz source into a load consisting of R = 5 Q and al = 12 Q. The value of maximum 
rms load current and the firing angle are respectively 


(a) 20 A, 0° {b) 0.91 A, 0° Ee 
; ° -260_ 
(c) 20 A, 90 (d@) 10.91 A, 90°. 


4, A load, consisting of R = 10 Q and aL = 10Q, is being fed from 230 V, 50 Hz source 
through a 1-phase voltage controller. For a firing angle delay of 30°, the rms value of 
load current would be 


(a) 23.4 () Ba 
() > Ba @) < BA 


5. In a single-phase voltage controller with RL load, ac output power can be controlled 
if 
(a) firing angle o > 4 (load phase angle) and conduction angle y=7 
(b) a>dandy<n 
(c) a<gandy=" 
-(d) a<oandy>t. 
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6. A single-phase voltage controller feeds power to a resistance of 10 2. The source 
voltage is 200 V rms. For a firing angle of 90°, the rms value of thyristor current in 


amperes is 
(a) 20 (b) 15 
{c) 10 (d) 5. 


7. A single-phase voltage controller is connected to a load of resistance 10 Qand a supply 
pf 200 sin 314¢ volts. For a firing angle of 90°, the average thyristor current in amperes 
is 
(a) 10 (b) 10/x 
(c) 5Y2/n (d) 5V2. 

8. A single-phase voltage controller, using two SCRs in antiparallel, is found to be 
‘operating as a controlled rectifier. This is because 
(a) load is R and pulse gating is used 
(b) load is R and high-frequency carrier gating is used 
(c). load is RL and pulse gating is used 
(d) load is RL and continuous gating is used. 

9. A single-phase ac voltage controller (or regulator) fed from 50 Hz system supplies a 
load having resistance and inductance of 2.0 Q and 6.36 mH respectively. The control 
range of firing angle for this regulator is 

’ (a) 0°<a< 180° (b) 45° <a < 180° 
(c) 90° <a < 180° (d) 0° <a < 45°, 
10. For a single-phase voltage controller using two thyristors in antiparallel and with 
‘load R, draw the output voltage waveform and the voltage variation across each SCR 
for a firing angle of about 30°. Voltage variation across each SCR should also contain 
thyristor voltage drop in Fig. A-34. 4 


Vo | Vo 
‘ol ; = a” 8 = = _ 
1 
| | 
“| ' | ! Be | 
; I 
: 7 oF ae oe 7 an wt 
; 
! v. | 
val i | | | | 
oF 7 on we «Ce 7 er wt 
Fig. A-34 Fig. A-35 


11. For a single-phase voltage controller using two thyristors in antiparallel and with 
RL load, draw in Fig. A-35 the output voltage waveform and the voltage variation 
across each SCR for a firing angle of about 30° which is greater than the load phase 
angle. Voltage variation across each SCR should also contain thyristor voltage drop 
in Fig. A-35. 

12. This question has two subquestions. Amongst the four alternatives provided, one or 
more are correct. Write down all the correct answers unambiguously. 

12.1. In a single-phase voltage controller with RL load, when 
(a) firing angle « < $ (load phase angle), load voltage ug is sinusoidal 
(b) a <4, vg is non-sinusoidal 
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13. 


13.1. 


13.2, 


voltage controllers 


(c) & > 9, vg is non-sinuscidal 
(d) & > , Ug is smusoidal. 


.2, In a single-phase voltage controller with RL load, a is the firing angle, o is the load 


phase angle and is the extinction angle. For this voltage controller, output power 
can be controlled if «> and 

(a) (B-a)=n (b) (B-ay<x 

(c) B>ax (d) B <x. 

This question contains two subquestions, each having two columns. Match every item 
on the left side with the most appropriate item on the right side. 


Power circuit diagrams Output voltage waveforms 
Yo 
(Ay (P) 
(B) (@) 
(c) (R) 
(D) (s) 
Firing angle =a, load phase angle 


=. Nat f load ingle-ph: 
Ce ae ee ee Load Current Waveforms 


(A) R load 


(B) RL load, a> 


wee oe 
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Load Current Waveforms 


' 


(C) RL load, a < ¢ . «RY 


wt 


| 
an 
| | 
2 


(D) L load, a> at 


ANSWERS 
1. ©) 2. (c) 3. (a) 4, (b) 5. (6) 6. (c) 
7. (b) 8&(¢)- 4 «9. (6) 10. See the book 
11. See the book 12.1. (@),(e) —-12.2. (6), (e) 
18.1. (A)-(Q) ; (B)R) ; (CHS); DHP) 13.2, (A)-(R) ; (B-(P) ; (C)-(Q) ; (DHS). 


CYCLOCONVERTERS 


1, A cycloconverter is a 


4 


(a) frequency changer (f,) from higher to lower frequency with one-state conversion 
(b) f, from higher to lower frequency with two-stage conversion 

(c) f, from lower to high frequency with one-state conversion 

(d) either (a) or (c). 


. The cycloconverters (CCs) require natural or forced commutation as under : 


(a) natural commutation in both step-up and step-down CCs 
(b) forced commutation in both step-up and step-down CCs 
{c) forced commutation in step-up CCs 

(d) forced commutation in step-down CCs. 


. For converting 3-phase supply at one frequency to single-phase supply at a lower fre- 


quency, the basic principle is to....(vary/keep) the firing angle..... (constant/gradually). 
Three-phase to three-phase cycloconverters employing 18 SCRs and 36 SCRs have 
the same voltage and current ratings for their component thyristors. The ratio of VA 
rating of 36-SCR device to that of 18-SCR device is 

(a) 4 
2 
(6) 1 
(ce) 2 
(d) 4. 


. Three-phase to 3-phase cycloconverters employing 18 SCRs and 36 SCRs have the 


same voltage and current ratings for their component thyristors. The ratio of power 
handled by 36-SCR device to that handled by 18-SCR device is 
(a) 4 (6) 2 


(ce) 1 @ s 
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8.1, 


8.2. 


8.3. 


T 


- The number of thyristors required for single-phase to single-phase cycloconverter of 


the mid-point type and for three phase to three-phase 3-pulse type cycloconverter are 


respectively 
(a) 4,6 

(b) 8, 18 
(c) 4,18 
(d) 4, 36. 


. A 3-phase to single-phase co 


nversion device employs a 6-pulse bridge cycloconverter. 


For an input voltage of 200 V per phase, the fundamental rms value of output voltage 


is 

(a) 600/nV 
(b) 300V3/n V 
(c) 300/n V 
(d) 600V3/n V. 


. The question has three subquestions. Amongst the four alternatives provided, one or 


more are correct. Write down all the correct answers unambiguously. 


A three-phase to single-phase 


cycloconverter consists of positive and negative group 


of converters. In this device one of the two component converters would operate as a 
(a) rectifier if the output voltage V) and output current J, have the same polarity 


.(c) 36 SCRs for 3-pulse device 


(b) inverter if Vp and Jy have the same polarity 

(c) rectifier if Vp and Ip are of opposite polarity 

(d). inverter if Vp and I, are of opposite polarity. 

A 3-phase to 3-phase cycloconverter requires 

(a) 18 SCRs for 3-phase device (b) 18 SCRs for 6-pulse device 
(d) 36 SCRs for 6-pulse device. 
Which of the following statements are correct for cycloconverters ? 
(a) Step-down cycloconverter (cc) works on natural commutation 
(b) Step-up cc requires forced commutation 


. (c} Load commutated cc works on line commutation 


9 


9.1. 


9.2. 


9.3. 


(d) Load commutated cc requires a generated emf in the load circuit. 


This question contains four subquestions, each having two columns. Match every item 
on the left side with the most appropriate item on the right side. 


Power electronic controller 
(A) Controlled rectifier 

(B) Chopper 

(C) Cycloconverter 

(D) Inverter 

Power electronic controller 
(A) Controlled rectifier 

(B) Voltage controller 

(C) Cycloconverter 

(D) Inverter 

Power electronic controller 
(A) Inverter 

(B) Controlled rectifier 

(C) Voltage controller 

(D) Chopper 


Applications 

(P) Aircraft supplies 

(Q) Electric car 

(R) Induction heating 

(S) Rolling mill drive. 
Applications 

(P) High-power ac drive 

(Q) Solar cells 

(R) Ceiling fan drive 

(S) Magnet power supply. 
Applications 

(P) Fork-lift truck 

(Q) Illumination control 

(R) Uninterruptible power supply 

(S) Hydrogen production. 
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" 
9.4. Types of cycloconverters 


Output Voltage Waveforms ‘ 


Yo) 
(A) 1-phase to l-phase with (Pp) 
continuous conduction t 
Yo 
(B) 1-phase to 1-phase with (a) 
discontinuous conduction 
wt 
(C) Step-up device Yo 
(R) mn 
(D) 3-phase to 1-phase %o 
device — s) 
wt 
ANSWERS _ 
““wi@ 2. () 3. vary, gradually 4. (c) 5. (a) 
6. (c) 7. (@) 8.1. (c), @) 8.2. (a), (d) 8.3. (a), (6), (d) 


9.1. A)-(S) ; (BQ) | (CP) ; (D)-®) 
9.8. (A)-(R) ; (B)-(S) ; (C)-(Q) ; DP) 


9.2. (A)-(S) ; (B)-(R) ; (C)-(P) ; (DQ) 
9.4, (A)-(R) ; (B)(S) ; (C){P) ; (D)-(@). 
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AC drives, 496 
AC voltage controller, 392 
harmonics, 398 
integral oycle control, 393 ' 
power factor, 400 
sequence control, 407 
single-phase, 396, 402 
multistage, 409 
- two-stage, 408 
sinusoidal, 410 
types, 392 
Angle of extinction, 179 
Angle of overlap, 222 
Anode, 62 
ASCR, 125 “atl 


LS 


Breakover voltage, 65 


Cathode, 62 
Choppers, 248 
control strategies, 250 
extinction time, 265 
forced commutation, 274 
Fourier analysis, 266 
load commutation, 293 
principle of operation, 249 
steady-state analysis, 259 
step-up, 251 
types, 254 
Chopper drives, 487 
four-quadrant, 495 
motoring control, 487 
regenerative braking control, 
492 
‘o-quadrant, 495 
Commutation techniques, 160 
commutation 
class-B, 162 
class-C, 165 
class-D, 167 
class-E, 169 
class-F, 170 
load, 160 
Converters, ac to de 
single-phase, 176,-187 
three-phase, 203 
Cosine firing scheme, 150 
Current-commutated chopper, 285 


Index 


design considerations, 289 
commutation interval, 290 
Current ratinga, 
average on-state, B4 
rms, 86 
surge, 88 
72, 89 
Current source inverter, 363 
single-phase, 363 
ASCI, 369 
Cycloconverters, 414 
load-commitated, 425 
output voltage, 423 
principle of operation, 414 
single-phase to single-phase 
step-up, 415 
: step-down, 416 
3-phase half-wave, 418 
3-to 1-phase, 418 
3-to 3-phase, 421 


half-wave converter, 464 
semiconverter, 466 
three-phase, 474 
dual converter, 486 
full converter, 479 
half-wave converter, 474 
semiconductor, 475 
Diac, 122 
Diode circuits, 32 
Diode rectifier, 
single-phase half-wave, 43 
single-phase full-wave, 
mid-point, 53 
bridge, 54 
Digcontinuous load current, 
single-phase 
full converter, 200 
semiconverter, 201 
3-phase semiconverter, 216 


with circulating current, 232 
waveforms, 233 
without circulating current, 231 
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Dynamic equalizing circuit, 114 
Dynamic resistance, 117 


Effect of source inductance, 
1-phaze full converter, 222 
3-phase full converter, 224 

Electric drive, concept, 461 

Electronic crowbar protection, 102 

Equalizing circuit, 
dynamic, 114 
static, 111 

External overvoltages, 98 

Extinction time, 179 


* 


Finger voltage, 117 
Firing angle, 176 
Firing circuits, 129 
R and RC circuits, 130 
UST triggering circuit, 
ramp-and-pedestal, 139 
synchronized, 138 


" Forward blocking mode, 64 


Four-quadrant converter, 229 
Four-quadrant chopper, 257 
Freewheeling diode, 41 
Fully-controlled converter, 191 
Fall-wave controlled converters 
, single-phase, 188 
full converter, 191 
mid-point, 189 
semiconverter, 194 


Gate characteristics, 72 
Gate pulse amplifier, 148 
Gate trigger circuit, 73 
Gate triggering, 65, 81 
Gate-turn-off thyristor, 126 
Gating circuits, 

1-phase converters, 146. 

pulse-train, 149 


Half-controlled converter, 191 
Half-wave thyristor circuit, 
R-load, 176 
RL-load, 176 
freewheeling diode, 180 
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RLE load, 182 
' High voltage DC transmission, 436 
Holding current, 66 


IGBT, 24 
Induction motor drives, 497 
speed control, 500 
rt rating, 89 
Intellegent module, 6 
Intrinsic-stand-off ratio, 135 
\nverters, 309 
single-phase 
* full-bridge, 310 
half-bridge, 310 
harmonic reduction, 359 
current source, 363 
force-commutated, 326 
parallel, 382 | 
series, 377 


Junction capacitance, 94 
Junction temperature, 104 


3 


Latching current, 66 
Light-activated SCR, 122 
Line commutated inverter, 193 
sLine commutation, 170, 175 
Load commutated 
chopper, 293 
eycloconverter, 425 
inverter, 313 


a 


Parallel operation of SCRs, 116 
Parallel inverter, 382 
Power diodes, 
characteristics, 7 
types, 10 
Power electronic, 
modules, 5 
systems, 3 
types of converters, 4 
Power electronics, 
concept, 1 
applications, 1, 2 
Power MOSFETs, 20 
Power transistor, 10 
Principle of phase control, 176 
Protection of SCRs, 93 
Pulse transformer, 141 
Pulse-width modulation 
chopper, 250 
inverter, 349 
PUT, 120 
PWM inverters, 
modulation, 349 
single-pulse, 350 
multiple-pulse, 351 
sinusoidal-pulse, 354 


a 


Ramp triggering, 138 
Ramp and pedestal triggering, 139 
RCT, 126 
Realization of PWM 
full-bridge inverter, 356 
half-bridge inverter, 357 
Relaxation oscillator, 136 
Resonant converter, 448 
Reverse blocking mode, 63 
Reverse recovery time, 70 
Rise time, 69 


McMurray-Bedford inverter, 332 
Methods of turning-on SCRs, 65 
Modified Mc Murray inverter, 
half-bridge, 326 
full-bridge, 332 
MOS-controlled thyristor, 27 
Multiphase chopper, 296 


a 


Non-circulating current 
dual converter, 231 


Oa 


Overcurrent protection, 100 
Overlap angle, 222 
Overvoltage protection, 98 
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SCRs, 
series operation, 111 
parallel operation, 116 
Series inverter, 377 
Single-phase half-wave circuit, 
R load, 176 
RL load, 178 
RLE load, 182 
RL load and FD, 180 
Single-phase full-wave, 
bridge converters, 191 
full converters, 191 
semiconverters, 194 
Single-phase inverter, 
steady-state analysis, 311 
Fourier analysis, 319 


voltage control, 347 
PWM, 349 
single-pulse, 350 
multiple-pulse, 351 
sinusoidal-pulse, 354 
reduction of harmonics, 359 
Single-phase parallel inverter, 382 
SIT Hs, 122 
Slip power recovery schemes, 521 
Smart power, 6 
Snubber circuit, 94 
Solid state relays, 447 
Static circuit breakers, 445 
Static Kramer drive, 521 
Static rotor-resistance control, 516 
Static Scherbius drive, 528 


.Static switches, 441 


DC switches, 444 
Design of, 444 
1-phase ac, 442 

Step-up, choppers, 251 
cycloconverters, 415 

Surge current, 88 

SUS, 120 

Switched mode power supply, 428 

Synchronous motor drives, 529 
cylindrical-rotor motors, 530 
permanent magnetic motors, 536 
reluctance motors, 535 
salient-pole motors, 533 


Zz 


‘Temperature, ‘ 
case, junction, 105 
Thermal, resistance, 104 
equivalent circuit, 104 
Three-phase bridge inverter, 337 
180° mode, 338 
120° mode, 342 
Three-phase diode rectifier, 
half wave, 203 
full-wave bridge, 206 
Three-phase thyristor converter, 
full converter, 210 
semiconverter, 214 
Thyristors, 
dynamic characteristics, 68 
turn-off, 70 
turn-on, 68 
firing circuits, 129 
gate characteristics, 72 
heating, cooling and mounting, 103 
parallel operation, 116 
protection, 93 
gate, 101 
overcurrent, 100 
overvoltage, 98 
pulse triggering, 75 
ratings, 82 
current, 84 


Index 


surge current, 88 
voltage, 63 
series operation, 111 
| switching characteristics, 68 
turn-off, 70 u 
turn-on, 68 : 
terminal characteristics, 62 
triggering methods, 129 ° 
turn-on methods, 65 
two-transistor model, 79 
Transformer tap changers, 40% 
Triac, 123 
firing circuit, 144 
‘Types of commutation 
complementary, 165 
external pulse, 169 
impulse, 167 
line, 170 
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load, 160 
resonant-pulse, 162 


Uncontrolled converter, 191 

Unijunction transistor, 134 

Uninterruptible power supplies, 
434 

UST oscillator triggering, 135 


Valley point, 135 
Vernier winding, 410 


Voltage clamping device, 99 
Voltege-commutated chopper, 276 
Voltage control, 

1-phase inverters, 347 
Voltage controller, ac, 392 


2 


Zener diode, 57 

Zero-current switching resonant 
converters, 449 
L-type, 449 
M-type, 452 

Zero-voltage switching resonant 
converters, 455 


nang, 


